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ABSTRACT 
Captive breeding programs play an increasingly significant role in conservation programs, but the 
success of these programs can pose challenges for program managers who then need to prevent over-
crowding of an endangered species, whilst also maintaining long-term genetic and behavioural 
integrity of the population. For example, a Tasmanian devil (Sarcophilus harrisii) insurance population 
was established in 2006 due to the threat of devil facial tumour disease (DFTD) in the wild. This 
managed metapopulation requires intensive and strategic management of genetic diversity in various 
housing situations to balance founder representation. One potential option was to use fertility control 
to manage individual reproductive output and genetic contributions to the next generation. This 
would allow devils to be housed in mixed sex groups, thereby minimising operational costs, 
maintaining wild behaviours and relationships, and preventing unsustainable population growth in 
landscape isolated areas. Traditionally, the use of contraception on endangered species was mostly 
limited to smaller scale situations, such as prevention of undesirable breeding in zoos (i.e. between 
siblings). Therefore, very little research has previously been conducted in the use of contraception for 
genetic and reproductive control of endangered wildlife species in conservation management 
programs.  
This thesis aims to assess a relatively new approach to reproductive and genetic management in 
conservation programs by using contraception on selected individuals. The efficacy and utility of 
Suprelorin contraceptive implants containing the gonadotrophin releasing hormone (GnRH) agonist 
deslorelin was assessed in Tasmanian devils held in various housing styles as part of the Tasmanian 
devil insurance metapopulation. Female devils were selected for contraception based on their genetic 
profile with the aim of equalising founder representation in the metapopulation, prioritising resources 
to the most valuable offspring, and allowing animals to be housed in groups. Suprelorin contraceptive 
implants were also trialled within the Arid Recovery reserve in South Australia as a potential tool for 
managing a locally overabundant population of free-ranging burrowing bettongs (Bettongia lesueur). 
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This is another example of how contraception can be used on an endangered species where, unlike 
the devils, the main aim is to reduce local or temporal overabundance. Suprelorin contraceptive 
implants have not previously been used on Tasmanian devils or burrowing bettongs, so this thesis 
aims to assess the efficacy, utility and potential side effects in each species, as there can be a high 
level of variation within and between species.  
In chapter one I discuss the role for selective contraception in conservation management programs in 
the form of a review published in Conservation Biology. I also present general information about 
Tasmanian devil and burrowing bettong life history traits, reproduction and genetics which would 
impact on how contraception could be utilised in these species. This chapter highlights the potential 
benefits of using selective contraception, particularly in the devil and bettong populations, to achieve 
management goals. 
Chapter two assesses the biological activity of Suprelorin implants in male and female Tasmanian 
devils, and determines the efficacy and contraceptive duration of two dosages of Suprelorin (4.7 mg 
and 9.4 mg) in female devils, along with any potential side effects on body weight or general health. 
In the initial study, Suprelorin was found to effectively suppress reproduction in 80% of female devils 
(n = 5) yet caused an increase in testosterone in males (n = 5). These results led us to focus on females 
in a dose-response study where either one (n = 5), two (n=5), or no (n = 5) 4.7 mg implants were 
administered to the devils, with quarterly GnRH challenges to test the hormonal responsiveness over 
the following two breeding seasons. It was found that both Suprelorin dosages were effective for at 
least one breeding season, with a reduced effect in the second. There appeared to be a dose-response 
effect on duration rather than magnitude of effect, with more devils with two implants remaining 
suppressed than those with one implant. There were no apparent negative effects on general health, 
yet captivity and contraception may have an additive effect resulting in weight gain. 
Chapter 3 builds on the results from chapter 2 by trialling 4.7 mg Suprelorin implants in female devils 
in free-ranging enclosures and assessing the potential effects on feeding behaviour. Suprelorin 
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successfully prevented reproduction for at least one year with no negative effects on access to food, 
social status or body weight. Chapter 4 continues this theme by trialling 4.7 mg implants on free-
ranging semi-wild female devils on Maria Island. Supporting the results of chapters 2 and 3, the 
implants were found to be effective for at least one year with a gradual return to reproductive 
capabilities in the second year, and there were no negative side effects on body weight, trapability, 
movements on the island or survival. Chapter 4 also presents a broader perspective of the usefulness 
and benefits generated by using contraception in this and similar metapopulations.  
The focus shifts from devils to burrowing bettongs in chapter 5, presenting the contraception trial 
conducted at the Arid Recovery reserve. Due to poor environmental conditions for the majority of the 
study, the efficacy of Suprelorin was unable to be proven as 0 % of contracepted females (n = 30) had 
pouch young in the 10 months following treatment, yet only 0.07 % of control females (n = 29) had 
pouch young. This made it impossible to separate the effect of contraception versus environmental 
conditions on reproduction. Suprelorin implants did not cause any changes in body weight, trapability 
or movements of females with a 4.7 mg implant. Long-term bettong trapping was analysed to 
determine population level reproductive trends which may have an impact on recommendations for 
contraception in this species in the future. 
The research presented here has direct applications to conservation management of Tasmanian devils 
and burrowing bettongs, and makes a significant contribution to the field of conservation 
management and fertility control. Contraception with Suprelorin implants is a valuable tool for the 
management of breeding within insurance and reintroduced populations 
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CHAPTER 1: INTRODUCTION 
1.1 OVERVIEW 
This thesis focuses on the use of contraception in two wildlife species that are dependent on 
conservation management for long-term survival; the Tasmanian devil (Sarcophilus harrisii) and the 
burrowing bettong (Bettongia lesueur).  
Chapter 1 presents general information about the biology and life-history traits of both Tasmanian 
devils and burrowing bettongs. The purpose and benefits of using contraception as a management 
tool in conservation programs is then outlined in the form of a review published in Conservation 
Biology (Cope et al. 2018b). Lastly, the project aims are presented. 
Chapter 2 evaluates the effect of Suprelorin contraceptive implants in male and female Tasmanian 
devils in a pilot study. The efficacy of different dosages of Suprelorin implants is also determined by 
testing pituitary responsiveness to exogenous gonadotrophin releasing hormone (GnRH), along with 
effects on body weight, in individually housed female devils. This work has been submitted to the 
journal Reproduction, Fertility and Development. 
Chapter 3 builds on the findings of Chapter 2, reporting on the effects of Suprelorin implants in female 
Tasmanian devils housed in free-range mixed sex enclosures. This study was published in 
Theriogenology (Cope et al. 2018a), and focuses on the practical outcomes of contraception, looking 
at the ability of the individual to produce pouch young after contraceptive treatment, rather than the 
endocrine response to treatment as in Chapter 2. 
Chapter 4 continues to build on the findings of Chapters 2 and 3, and studies the application of 
Suprelorin implants as part of a management program in free-ranging female Tasmanian devils on 
Maria Island, Tasmania. The aim was to assess the reversibility of Suprelorin and potential side effects 
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in a semi-wild population. This was part of a program to equalise founder representation in the 
population by controlling reproductive output, while maintaining wild behaviours and relationships. 
Chapter 5 changes focus to the burrowing bettong, evaluating the efficacy of Suprelorin implants on 
females in a large predator-proof reserve at Arid Recovery, South Australia. The aim was to advise on 
the feasibility of contraception as a tool for managing the overabundance of burrowing bettongs 
within the Arid Recovery reserve and similar enclosed sites, whilst assessing long-term reproductive 
trends in the population. The bettong contraception trial provides a useful comparison to the 
Tasmanian devils as they are also threatened native marsupials, but have a different reproductive 
strategy and have different management constraints. 
Chapter 6 presents the general discussion and conclusions for the thesis, including management 
implications of the research. 
 1.2 RECOVERY PROGRAMS IN CONSERVATION MANAGEMENT 
Captive breeding and recovery programs play a vital role in wildlife conservation, and their success is 
particularly important as the world faces a biodiversity crisis with an increasingly high rate of 
extinction (Pellens & Grandcolas 2016). The goal of these programs is to maintain a genetically and 
behaviourally viable and sustainable population of an endangered species, often with the aim of 
reintroduction to the wild once threatening processes have been ameliorated (Ballou et al. 2010). 
There has recently been a shift from intensive zoo breeding to more group housing, with zoo-based, 
semi-wild and wild populations becoming more integrated within a managed metapopulation (Hogg 
et al. 2017b). These populations focus on producing animals that retain their wild behaviours and 
relationships and are genetically representative of the wild populations from which they were sourced 
(Lacy 1997; Ivy & Lacy 2012; Hogg et al. 2017b). Group housing helps to reduce adaptation to captivity 
and also lowers operational costs, so is often a preferred form of housing for insurance or recovery 
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populations. Captive populations of the Tasmanian devil (Sarcophilus harrisii) and burrowing bettong 
(Bettongia lesueur) are two such examples of this approach. 
The Tasmanian devil insurance population is managed as a metapopulation consisting of a variety of 
housing types with the goal of having a continuum from zoo-based facilities to semi-wild and wild sites 
(Hogg et al. 2017b). Devils are bred in intensive captive and free-ranging breeding facilities (up to 0.22 
km2), then translocated to isolated landscape areas, such as Maria Island (115 km2), to continue 
breeding and exhibiting wild behaviours before their offspring are released into the wild (STDP 2014). 
The Arid Recovery reserve (123 km2) is another example of maintaining sustainable populations of 
endangered species by housing animals in large free-ranging enclosures. Burrowing bettongs are 
highly vulnerable to predation and only remain in fenced reserves and on three offshore islands of 
Australia (Claridge et al. 2007). Re-establishing sustainable wild bettong populations is beneficial for 
the ecosystem services they provide through digging (Martin 2003; Fleming et al. 2014). If bettongs 
are ever to be successfully reintroduced to their historic habitats, Arid Recovery could serve as an 
important source of individuals, particularly if predator avoidance behaviours can be improved 
(McLean et al. 2000; Moseby et al. 2012; Moseby et al. 2015). 
1.3 THE TASMANIAN DEVIL  
The Tasmanian devil is the largest extant carnivorous marsupial in the world, belonging to the family 
Dasyuridae. Devils are endemic to Tasmania, Australia, with larger populations occurring in coastal 
heath and sclerophyll forest, often in close proximity to urban areas (Guiler 1970b). Populations also 
occur naturally on Robbins Island, linked to mainland Tasmania at low tide, and on Badger Island 
where they were deliberately introduced by unknown persons (Guiler 1970b). Males can weigh up to 
13 kg and average 8.7 kg, while females weigh up to 9 kg with an average of 6.1 kg (Guiler 1978; Owen 
& Pemberton 2005). The Tasmanian devil is nocturnal and characterised by its stocky build, large head 
and neck, and black fur with white markings. The distinctive screeches and growls emitted during 
social interactions awarded it the name ‘devil’ (Owen & Pemberton 2005). Devils have short strong 
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legs enabling them to lope for hours at a time hunting small to medium sized prey and scavenging 
carrion or other unguarded human resources (Owen & Pemberton 2005). Their acute sense of smell 
allows them to detect food up to a kilometre away (Owen & Pemberton 2005). They are usually 
solitary but up to four devils will come together to eat carcasses of large prey (Pemberton & Renouf 
1993; Jones 1998; Hamede et al. 2008). At such times they will communicate with one another through 
a variety of postures, vocalisations and chemical signals to compete for feeding positions (Owen & 
Pemberton 2005).  
Prior to the spread of devil facial tumour disease (DFTD, see section 1.3.1 below) across Tasmania, 
devil populations were widespread and common. Extrapolated estimates of the total population size 
range up to 150,000 (Hawkins et al. 2006; Hawkins et al. 2008), although these are likely to be 
overestimates (McCallum et al. 2007). Anecdotal evidence suggests that Tasmanian devil populations 
have experienced a series of fluctuations between ‘scarce’ and ‘common’ since European colonisation 
(Guiler 1982; Johnson & Wroe 2003). Devils were accused of predating on lambs and poultry, and the 
resultant persecution may have contributed to the decline seen in the 1960s, which was then followed 
by an apparent increase in population size once persecution had ceased (Johnson & Wroe 2003). It 
has been suggested that some of the population fluctuations reflect the effects of density-dependent 
infectious disease, yet there is no firm evidence of this (Bradshaw & Brook 2005). Since the arrival of 
DFTD there has been a marked decline in population growth rate and apparent survival rate of adults 
and sub-adults (Lachish et al. 2007). As of 2017, populations had declined by 77% and yet were 
persisting in the presence of DFTD, rather than declining to extinction as predicted (McCallum et al. 
2007). 
The preservation of an ecologically functional Tasmanian devil population into the future is critical for 
the long-term health of Tasmanian ecosystems. As they are the top-order predators in Tasmania, the 
decline in populations will have widespread effects on ecosystem processes and populations of other 
species (Estes et al. 2011). Three major consequences are mesopredator release, prey release and the 
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persistence and spread of disease in the environment from lingering carcasses (Jones et al. 2007; 
Ritchie & Johnson 2009; Estes et al. 2011). Native predators tend to have less of an impact on native 
prey than invasive predators do (Salo et al. 2007), and as the suppressive effect of devils is reduced 
there is the opportunity for invasive species such as feral cats (Felis sp.) and red foxes (Vulpes vulpes) 
to increase in density through the process of mesopredator release (Jones et al. 2007; Ritchie & 
Johnson 2009). Other scavenger species including forest ravens (Corvus tasmanicus) may also 
increase, resulting in further impacts on small native wildlife (Jones et al. 2007). Declining predator 
populations also allows for the increase in populations of their prey, resulting in increased densities 
of macropods (Jones et al. 2007) which may require culling due to adverse impacts on the environment 
and competition with livestock (Temby 2007; Herbert et al. 2010). The persistence of carcasses in the 
environment is aesthetically undesirable along road sides, and may also increase rates of blowfly strike 
of sheep or transmission of other diseases to livestock or other wildlife (Jones et al. 2007) 
1.3.1 DEVIL FACIAL TUMOUR DISEASE 
The devil facial tumour disease (DFTD) is a debilitating infectious clonal cancer (Loh et al. 2006) which 
was first observed in 1996 near Mount William in northeast Tasmania (Owen & Pemberton 2005). It 
has since spread across over 80% of the Tasmanian mainland, causing local declines of more than 90% 
with a 77% decline in wild populations across the state (Lachish et al. 2007; McCallum et al. 2007; 
Lazenby et al. 2018). However as of 2017, there has been no evidence of local extinctions (Lazenby et 
al. 2018). Oral and facial tumours ulcerate and become friable causing almost 100% mortality, due to 
starvation or internal effects resulting from metastasis, within six months of the appearance of clinical 
signs (Loh et al. 2006; Swift & Pearse 2006; McCallum 2008). DFTD appears to be a frequency 
dependent disease due to its high mortality and infection rates, being prevalent in up to 100% of devils 
two years and older (Lachish et al. 2007; McCallum et al. 2009; Lazenby et al. 2018). It is likely 
inevitable that DFTD will reach the north-western disease-free population in the future, yet the spread 
to the south-western region may be impeded by the landscape of the lower Gordon river system 
(Storfer et al. 2017).  
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There are two forms of DFTD, being referred to as DFT1 (Loh et al. 2006) and DFT2 (Pye et al. 2016b). 
DFT1 has spread across roughly 80% of Tasmania, and DFT2 has been found in 19 devils in southeast 
Tasmania, and is restricted to the Channel Peninsula Area (Pye et al. 2016b; R. Hamede, pers. comm.). 
DFT1 is caused by a rogue cell line originating from peripheral nerve sheath Schwann cells from a 
female Tasmanian devil (Loh et al. 2006; Siddle et al. 2007; Murchison et al. 2010; Deakin et al. 2012). 
The genome of DFT1 tumour cells shows rearrangements in chromosome 1 and X and tumour-specific 
complex translocations (Swift & Pearse 2006; Deakin et al. 2012; Pearse et al. 2012). Grossly, DFT2 
appears similar to DFT1, but is histologically and genetically distinct, and carries a Y chromosome 
unlike DFT1 (Pye et al. 2016b). It is believed that DFT2 transmits similar to DFT1 through social 
interactions of devils as an allograft through cellular inoculation when biting (Swift & Pearse 2006; 
McCallum et al. 2007; Murchison 2008). As such, socially dominant devils with the highest 
reproductive output are most likely to become infected with DFTD (Wells et al. 2017). An insurance 
metapopulation was established in 2006 to protect the species against extinction due to DFTD, and to 
act as a source population for wild reintroductions and genetic rescue (Hogg et al. 2015; Hogg et al. 
2017b). 
A disease suppression trial between 2006 and 2010 at Forestier Peninsula, Tasmania, removed 
approximately 33% of infected devils, yet this failed to slow the rate of disease progression or reduce 
population-level impacts (Lachish et al. 2010). DFT1 tumours can rapidly evolve to anthropogenic 
selection such as this, and this selection could have resulted in an increased level of tetraploid tumours 
in the Forestier Peninsula, through the favouring of slower growing tumour cells (Ujvari et al. 2014). 
Tetraploidy has been associated with a more malignant strain of tumour in humans, as they are able 
to sustain a higher frequency of mutations, allowing for a greater probability of adaptive changes and 
the accumulation of mutations needed for malignancy (Davoli & de Lange 2011). Although 
conservation managers had the right intentions, the suppression trial was ceased in 2010 as it was not 
a viable management option (Beeton & McCallum 2011). 
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There are at least four major chromosomally distinct strains of DFT1, showing the evolutionary 
capability of the disease (Pearse et al. 2012). The minimal cytogenetic differences seen between 
strains suggest the relative stability of the DFT1 genome (Deakin et al. 2012; Pearse et al. 2012). 
However, DFT1 appears to be a dynamically evolving obligate parasite using gene expression 
alterations, telomere homeostasis and epigenetic variations (Ujvari et al. 2012; Ujvari et al. 2013). 
Reversible epigenetic modifications are responsible for the coordinated down-regulation of genes 
involved in antigen processing, resulting in a loss of major histocompatibility complex (MHC) 
molecules from the surface of DFT1 cells (Siddle et al. 2013). This most likely occurred during the 
transformation of the original DFT1 cell to the malignant cell, thus allowing for the evasion from the 
T-cell immune response which is usually seen in allograft rejection (Siddle et al. 2013). Woods et al. 
(2015) have shown that DFTD cells that have been destroyed by γ-irradiation, sonication or repeated 
freeze-thawing, in the presence of adjuvants, could induce humoral or cytotoxic responses in 
Tasmanian devils. Recent vaccine trials have manipulated DFTD cells to express MHC-I and used them 
as the antigenic basis combined with various adjuvants and immunisation schedules (Pye et al. 2018). 
They achieved anti-DFTD antibody responses in 95% of devils prior to release into the wild. This is a 
positive step towards releasing immune devils back into the wild. 
1.3.2 GENETIC DIVERSITY 
The current wild population of Tasmanian devils has low genetic diversity, yet there is some genetic 
structure between the eastern/south-western populations and the north-western populations (Jones 
et al. 2004; Miller et al. 2011; Brüniche-Olsen et al. 2014; Hendricks et al. 2017). Genetic structure was 
also found between populations north and south of Macquarie Harbour, which is a physical barrier to 
devil movement (Storfer et al. 2017). Low genetic diversity in the current devil population preceded 
DFTD by at least 100 years, shown by analysis of the mitochondrial genomes of 14 individuals and SNP 
markers in 175 individuals (Miller et al. 2011). The low MHC diversity currently seen in devils (Siddle 
et al. 2007; Cheng et al. 2012), has been present for hundreds, or thousands of years, possibly 
following population contractions during the Pleistocene and Holocene time period, prior to the 
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separation of Tasmania from the Australian mainland (Morris et al. 2013). This low MHC diversity likely 
caused devils to have reduced ability to resist disease outbreaks, and coupled with competition from 
dingoes and human settlement, this may have contributed to the extinction of the devil from the 
mainland (Johnson & Wroe 2003; Morris et al. 2013).  
Due to DFTD spread across Tasmania and devil dispersal patterns, it is possible that the founders of 
the insurance population were closely related, as they were collected ahead of the disease front 
between 2005 and 2008 (Hogg et al. 2015; Hogg et al. 2017b). Despite this, there appeared to be no 
effects of inbreeding depression seen in the captive insurance population although inbreeding is 
increasing (Gooley et al. 2017). Some wild populations are showing signs of increasing inbreeding, 
both in diseased areas (Grueber et al.) and at a wild disease-free site (Gooley 2018). Also, in the face 
of such a catastrophic disease and low levels of genetic diversity, there are evolutionary processes 
now occurring in wild devils which may eventually lead to resistance to DFTD (Epstein et al. 2016). 
Recent work has found that genes relating to immune function and cancer risk are under strong 
selection in devils living in diseased areas, and this could potentially result in better immune function 
against DFTD in the future (Epstein et al. 2016). Changes to population sizes and demography as well 
as a small number of individuals recovering from infection in some populations persisting with long-
term DFTD exposure are indications that the devil-DFTD relationship is evolving (Epstein et al. 2016; 
Pye et al. 2016a; Wright et al. 2017). 
1.3.3 REPRODUCTION 
Reproductive strategies of marsupials are recognised as four distinct groups based on placentation 
type, oestrous characteristics, the proportional duration of gestation relative to the oestrous cycle, 
and other specialised features such as the occurrence of embryonic diapause (Tyndale-Biscoe & 
Renfree 1987). The Tasmanian devil is in the marsupial family Dasyuridae, which belongs to Group 1. 
Group 1 is considered to be the basic pattern from which the other patterns developed, with species 
being polyoestrous and polyovular (with some exceptions), with a considerably shorter gestation 
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period than oestrous cycle (Tyndale-Biscoe & Renfree 1987). The gestation period coincides with the 
luteal phase so that post-partum oestrus and ovulation are inhibited during lactation. 
The reproductive system of the Tasmanian devil consists of two fusiform uterine bodies which connect 
to the vaginae via an abnormally long Y-shaped uterine neck (Pearson & De Be Bavay 1953). The 
vaginal complex consists of the right and left sides of the cul-de-sac, separated by the median septum, 
the anterior vaginal canal and two lateral vaginae. The lateral vaginae transport and store 
spermatozoa, connecting proximally to the anterior vaginal canal and distally to the relatively long 
urogenital sinus (Pearson & De Be Bavay 1953). The pseudovagina lies medial to the lateral vagina and 
acts as the birth canal (Pearson & De Be Bavay 1953). 
Female Tasmanian devils are capable of undergoing three oestrous cycles during a single year in 
captivity, with breeding beginning in February and most births occurring in March and April (Guiler 
1970a; Keeley et al. 2012b). Day length acts as a cue to trigger seasonal reproductive activity, and 
captive devils will begin breeding two weeks earlier than in the wild (Keeley et al. 2017). However, 
food availability and population density will affect the breeding season, causing it to be more spread 
out as animals are not synchronised (Nolan 2010), with some mating occurring through until June 
(Cheung & Chang 1995). Oestrus has been observed in captivity to be associated with decreased 
appetite, development of a loose, fluid-filled neck roll, lethargy, increased nesting behaviour, and 
changes in pouch condition (Slater 1993; Hickford et al. 2001; Hesterman et al. 2008a; Keeley et al. 
2012b). If a female is receptive and paired with a male he will grip her by her loose neck roll and drag 
her into a den for copulation where he may mate-guard for several days (Scandizzo & Coupland 2005). 
The follicular phase lasts for two to three weeks (Hesterman et al. 2008b; Keeley et al. 2012b), and 
the luteal phase has a length of 12.5 days (range 11-15; Keeley et al. 2012b). The lower frequency of 
sampling conducted by Hesterman et al. (2008b) likely resulted in their reported luteal phase of 
around 18 days (range 12-25 days). Tasmanian devils have a bi-phasic progesterone pulse in the 
oestrous cycle, with oestrus and mating occurring at the first peak during the pro-oestrous phase 
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(Hesterman et al. 2008b). Ovulation and pregnancy are associated with the second peak, with a period 
of presumed sperm storage and baseline progesterone concentrations for 5-12 days between peaks 
(Hesterman et al. 2008b; Keeley et al. 2012b). This period of sperm storage, coupled with the luteal 
phase possibly gives rise to the commonly reported gestation length of 21 days (Nolan 2010). The 
luteal phase begins at ovulation, at which time progesterone produced from the many corpora lutea 
will increase to detectable levels within 1-2 days, creating the second progesterone peak. 
Progesterone levels remain elevated throughout gestation, before declining back to baseline levels 
shortly after parturition (Keeley et al. 2012b). There is no difference in the average length of the 
follicular phase or progesterone concentrations between conceptive and non-conceptive cycles, 
similar to other dasyurids (Hesterman et al. 2008b; Keeley et al. 2012b). If the devil does not 
successfully conceive, the next oestrous cycle will begin roughly one month after the end of the 
previous cycle (Keeley et al. 2012b).  
Tasmanian devils can support a maximum of four pouch young on their four teats in the backwards 
facing pouch. They may produce and ovulate an excess of oocytes in the range of 11-114, which may 
be from different fathers (Hughes 1982; Knol et al. 1993). Young are born at an early level of 
development, then crawl to the pouch and attach to a teat, with the pouch expanding to 
accommodate the young as they grow. Young will stay in the pouch until approximately 105 days old, 
when they will be left in a maternal den with lactation occurring through to November-December 
(Guiler 1970a). In disease free populations, on average, three young will be raised to the weaning age 
of five to six months when they will leave their mother and are thought to be living alone by late 
December (Pemberton 1990; Nolan 2010). Most young devils will not breed until the following March 
breeding season when they are two years old (Guiler 1970a). They will breed for a further two years, 
with an average of three breeding cycles in their life, before reproductive senescence and death 
around five to six years of age (Guiler 1978; Jones et al. 2007; Jones et al. 2008). However, following 
the high adult mortality resulting from DFTD emergence, there has been a shift in age structure and 
an increase in the proportion of precocial breeding observed, with more females giving birth in their 
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first year of life (Lachish et al. 2009). There has also been a shift in sex ratio, with diseased mothers 
producing more females than healthy mothers (Lachish et al. 2009). It has also been found that 
reproductive success in Tasmanian devils declines with increasing generations in captivity 
(Farquharson et al. 2017). Wild-born females had a greater chance of producing offspring and would 
produce more offspring than captive-born females (Hogg et al. 2015; Farquharson et al. 2017; Keeley 
et al. 2017). 
1.3.4 TASMANIAN DEVIL INSURANCE POPULATION 
See the Tasmanian devil case study in Chapter 1.6 of this thesis for general information about the 
insurance population and the various housing styles used. Maria Island plays an integral role in the 
insurance metapopulation, providing a DFTD-free, free-ranging, semi-wild area for devils to breed and 
maintain natural behaviours and relationships (Hogg et al. 2013; Thalmann et al. 2015; Rogers et al. 
2016). As such, this is an ideal source population of devils for reintroduction to the wild.  However, a 
recent study has found that there was an increase in inbreeding on Maria Island resulting from skewed 
founder representation (McLennan et al. 2018). This can be remedied by introducing ten new females 
every three years (McLennan et al. 2018). Contraception could potentially be used on individuals that 
have already contributed offspring to the population and are genetically overrepresented as an 
additional management tool. 
1.4 THE BURROWING BETTONG 
Burrowing bettongs (Bettongia lesueur; also known as “boodies”) are small, kangaroo-like animals in 
the Potoroidae family generally weighing < 2 kg, averaging 1.3 kg on Bernier and Dorre Islands (Short 
& Turner 1999), and 0.75 kg on Barrow Island (Richards 2012). They have a short blunt head and small 
rounded ears with a greyish-yellow colouring and a paler ventral surface and yellowy legs, feet and 
tail. They are a social animal living in burrows or warrens underground during the day and becoming 
active above ground at night (Short & Turner 1993; Sander et al. 1997). Burrowing bettongs were once 
widespread across the central arid portion of Australia, but are now extinct in the wild on the mainland 
 24 
 
(Claridge et al. 2007). Wild populations of burrowing bettongs remain on Bernier and Dorre Islands in 
Shark Bay, and on Barrow Island in Western Australia (Short & Turner 1993). There are different sub-
species recognised in these ranges with B. lesueur lesueur on Shark Bay islands, B. lesueur unnamed 
subspecies on Barrow Island and the now extinct B. lesueur graii from mainland Australia (Richards 
2012). Nineteen burrowing bettongs from Bernier Island in Western Australia (WA) and ten from 
Heirisson Prong in WA (population reintroduced from Dorre Island in 1992) were reintroduced to the 
Arid Recovery Reserve in South Australia from October 1999 to September 2000 (Arid Recovery 2005; 
Moseby et al. 2011). Since their arrival in the reserve, numbers have increased dramatically to several 
thousand individuals so that they are now the most abundant species held there (Arid Recovery 2013, 
2015a; Moseby et al. 2018b). This is causing adverse effects on vegetation and competition with other 
species in the reserve (Arid Recovery 2013; Linley et al. 2016). Contraception may be a feasible 
management strategy for this population, following a suitable pilot study into the safety and efficacy 
of the selected agent in this species. 
1.4.1 GENETIC DIVERSITY 
Very few studies have been conducted on the genetic diversity of burrowing bettongs, yet there have 
been significant bottlenecks in all remaining populations (Short & Turner 1993; Richards 2012). There 
was potential for a founder effect in the Arid Recovery reserve following the increase in population 
size to several thousand in May 2013 (Arid Recovery 2013) from the original 29 founders introduced 
in 1999 and 2000 (Arid Recovery 2005). Yet, a recent study reveals that there is greater genetic 
diversity and less inbreeding within the current bettong population compared with the founders due 
to the admixture of two diverged and individually inbred source populations (White et al. 2018). 
1.4.2 REPRODUCTION 
Burrowing bettongs belong to the family Potoroidae and are categorised in the third reproductive 
strategy group (Tyndale-Biscoe & Renfree 1987). Group 3 is characterised by being polyoestrous and 
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monovular with a similar gestation to oestrous cycle length. Bettongs are capable of postpartum 
mating and exhibit embryonic diapause (Tyndale-Biscoe & Renfree 1987). 
Burrowing bettongs on Dorre Island have two nipples, while females on Barrow Island have four 
nipples, and produce a single young three times a year (Tyndale-Biscoe 1968). Twinning does occur 
but is relatively uncommon (Richards 2012). Breeding on Dorre Island occurs year-round as long as 
conditions permit, but is typically broken by a period of anoestrous over summer (Short & Turner 
1999). The length of the breeding season appears to be influenced by rainfall, being initiated by the 
first major rainfall (> 20 mm) and peaking over winter. There appears to be great variation in the 
breeding seasons of burrowing bettongs between island and reintroduced populations (Richards 
2012). In captivity, burrowing bettongs may have a period of anoestrous from October to January, 
with most breeding occurring in the wetter winter months (Claridge et al. 2007). The oestrous cycle is 
23 days with a gestation period of 21 days before birth of young weighing 0.317 g (Tyndale-Biscoe 
1968). Young stay in the pouch until 113 – 120 days of age and are then weaned 23 – 74 days after 
permanent pouch exit (Tyndale-Biscoe 1968; Freegard et al. 2008). Females are sexually mature at 
around 885 g (about 7 – 8 months of age) on Bernier and Dorre Islands (Short & Turner 1999). Post-
partum oestrus occurs 1 day after parturition, with any conceptus entering embryonic diapause due 
to lactational inhibition of the reproductive cycle (Tyndale-Biscoe 1968). Resumption of development 
and birth occurs 20 days after loss or removal of the pouch young (Tyndale-Biscoe 1968). 
Burrowing bettong overabundance may be localised or temporal, due to their great reproductive 
capabilities, particularly in response to improved conditions such as increased rainfall or predator 
exclusion (Short et al. 1997; Short & Turner 1999; Moseby et al. 2018b). If population management 
methods, such as contraception, were to be trialled to minimise these population fluctuations, the 
optimal timing of administration should be determined to coincide with weather conditions conducive 
to peak breeding periods, based on long-term site-specific data (e.g. population data, ambient 
temperatures and rainfall). In a situation such as Arid Recovery, where overabundance is already an 
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issue, application should be implemented whenever most suitable for management operations. The 
ability for embryonic diapause may mean that many individuals may have already conceived 
(depending on whether seasonal anoestrous occurs or not), so there may be a lagged effect on 
reproductive rates. 
1.4.3 BURROWING BETTONGS AT ARID RECOVERY RESERVE 
See the burrowing bettong case study in Chapter 1.6 for further information on the population in the 
Arid Recovery reserve. The introduced population has increased to a density nearly ten times higher 
than in the wild and is causing extensive damage to vegetation and other resident animal species 
(Moseby et al. 2018b). Arid Recovery is considering the feasibility of several options including forced 
or assisted removal of individuals (Crisp & Moseby 2010; Bannister et al. 2016), introduction of a native 
predator (Beerkens et al. 2018) and fertility control for reducing the bettong population to a more 
sustainable size. 
The Tasmanian devil and burrowing bettong are examples of conservation-dependent species that 
require careful, strategic management to maintain genetic, behavioural and demographic 
sustainability of their populations. The selective use of contraception can provide benefits in both 
situations. By using contraception to control the reproductive contribution of individuals, genetic 
diversity in the Tasmanian devil insurance metapopulation can be balanced, whilst allowing animals 
to be group housed and permitting the retention of wild behaviours and minimising adaptation to 
captivity. Conversely, for the burrowing bettongs at the Arid Recovery reserve, contraception can be 
used to reduce the overabundant population to a more sustainable density, whilst being empathetic 
of their vulnerable status and maintaining the demographic and genetic integrity of the population. 
Refer to Chapter 1.6 for further details on the use of contraception in conservation programs, and for 
case studies on the Tasmanian devil and burrowing bettong. The following sections discuss the 
potential side effects of contraception which relate most to these two species. 
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1.5 POTENTIAL IMPACTS OF CONTRACEPTION 
When planning to use contraception as a management tool for wildlife species, it is important to 
understand the potential behavioural and physiological side effects on individuals, and potential 
demographic and genetic side effects on populations. The side effects of several contraceptive agents 
have been studied and reviewed by Gray and Cameron (2010), yet there were inconsistencies in many 
of the results. There has not been a systematic study into the welfare impacts of wildlife 
contraception, and as such this is an important research issue. The side effects outlined below focus 
on aspects most relevant to the contraception of Tasmanian devils and burrowing bettongs with a 
gonadotrophin releasing hormone (GnRH) agonist implant. Potential side effects may include changes 
in body condition, dominance behaviours, or movements through landscapes, and they are discussed 
further in Chapter 1.6.  
1.5.1 BODY CONDITION 
Weight gain is a common side effect of fertility control, partly due to the removal of the cost of 
gestation and lactation or metabolic changes, resulting in improved or excessive body condition 
(Munson et al. 2005). Preliminary data from the Association of Zoos and Aquariums (AZA) 
Reproductive Management Centre suggests that weight gain will result from an increased appetite in 
females under treatment (AZA RMC 2016). Female cats treated with deslorelin implants (Suprelorin) 
exhibited weight gain (Munson et al. 2001), however, previous studies on cows, female tammar 
wallabies (Notamacropus eugenii) and female brushtail possums (Trichosurus vulpecula) treated with 
GnRH agonists have shown no effects of contraception on weight or body condition (Michael et al. 
2002; Herbert et al. 2005). There may also be effects on untreated females, who are experiencing less 
competition for resources, and therefore may have more successful reproduction (Gray & Cameron 
2010). It is important to determine what, if any, effects there may be on bodyweight as a result of 
contraception so that this can be considered and potentially managed through diet and stocking 
density. 
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1.5.2 DOMINANCE STRUCTURE 
Another concern is the potential for changes to the dominance hierarchy of a population, and the 
resultant negative effects if contraception-treated animals lose dominance status and are excluded 
from resources. Dominance can be conferred by factors such as body size, circulating plasma 
testosterone or cortisol concentrations and age (Braithwaite 1979; Ryser 1992; Jolly 1993; Bradley & 
Stoddart 1997; Clarke & Faulkes 1998; Creel 2005; Wehi et al. 2006; Miller et al. 2010; Nakata et al. 
2018). Any treatment that may alter hormone concentrations has the capacity to change dominance 
hierarchy. 
Dominance hierarchies are seen in many carnivorous species (Dewsbury 1982), with dominant animals 
being more likely to control access to resources and have greater reproductive success (Creel 2005). 
Recent studies in other mammals have found a link between dominance hierarchies, access to 
resources, and reproductive success or access to mating partners (le Roux et al. 2011; Lea et al. 2014). 
Few studies have assessed the impact of contraception on rank and dominance, and these have 
produced mixed results (Gray & Cameron 2010). Given the high potential for conflict around food 
resources, especially in free-range enclosures, it is plausible that individuals in captive breeding 
programs will develop dominance hierarchies and that this could be affected by their reproductive 
status. GnRH agonist contraceptives have been used to reduce testosterone concentrations, and 
therefore aggression, in several species including a black-footed cat (Felis nigripes), male domestic 
dogs (Canis lupus familiaris), and African wild dogs (Lycaon pictus) (Bertschinger et al. 2001; Trigg et 
al. 2001; Bertschinger et al. 2002). Changes in reproductive hormones could also alter levels of 
aggression in females treated with contraception, which may then affect their behaviour and social 
interactions (Gray & Cameron 2010). However, the relationship between contraception and 
aggression is inconsistent and variable between species (Asa & Porton 2005), so the potential for 
contraception to impact social groups and hierarchies should always be assessed in new applications.  
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Tasmanian devils are largely solitary, carnivorous marsupials (Pemberton 1990), whereas burrowing 
bettongs are social, herbivorous marsupials (Sander et al. 1997). Dominance hierarchies in asocial, or 
solitary, species have not been studied as widely as social species. Asocial species such as the brushtail 
possum (Trichosurus vulpecula) (Winter 1976) are known to still form dominance hierarchies, 
particularly around food sources or during the breeding season (Hargett 2006; Wehi et al. 2006). 
Dominance hierarchies are also present in social marsupial species such as the tammar wallaby 
(Notamacropus eugenii) (Hynes et al. 2005) and sugar glider (Petaurus breviceps) (Mallick et al. 1994). 
Management tools such as contraception must be studied in all group housing situations as they may 
alter social ranks or motivation to access food, and this could be considered a welfare issue. 
In carnivorous marsupials it is known that dominance relationships form in captivity, mostly between 
males (Croft 1982; Jones et al. 2003), but the dominance relationships between females remains 
largely unknown. In Tasmanian devils, it appears that the dominant feeder is the first to arrive at a 
carcass, and they will either make way for a challenger or defend their portion of food until satiated 
(Owen & Pemberton 2005). Buchmann and Guiler (1977) found there was no evidence that larger 
animals fed first, and Pemberton and Renouf (1993) suggest that satiation rather than dominance is 
the only information transferred in conflicts over food. Davis and Clarke (in prep) recently studied 
dominance relationships in captive Tasmanian devils. Their findings suggest that a dominance 
hierarchy can be developed for a group of devils at one time point, but that this is not stable or even 
slowly changing across short periods of time (K. Davis, pers. comm.). This supports previous research 
in another carnivorous marsupial in the family Dasyuridae, which found frequent reversals and little 
stability in the dominance hierarchy of the brush-tailed phascogale (Phascogale tapotoafa) 
(Soderquist & Ealey 1994). Further research is required, as Davis and Clarke’s study was performed 
over the four month breeding season, and so did not cover stages of the reproductive cycle outside of 
mating and birth. Much of the literature on dominance relationships and contraception has been 
conducted on social eutherian mammals, hence the need for further studies.  
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Burrowing bettongs housed in a four hectare enclosure at Shark Bay, Western Australia, were found 
to have a weak dominance hierarchy, and males were more aggressive than females (Sander et al. 
1997). It was suggested that captivity can create or facilitate hierarchies, so this may not be the case 
in a free-ranging reserve as extensive as Arid Recovery. Burrowing bettongs are largely solitary when 
feeding at night, but associate with others during the day in the warren, and it appears that female 
bettongs assist one another in the warren to raise offspring (Sander et al. 1997). It is unknown what 
effects contraception may have on these relationships. 
1.5.3 HOME RANGE/DISPERSAL 
There is also potential for contraception to alter the movements of free-ranging animals in their 
environment through changes in hormones and reproductive status. An animal will tend to range over 
the minimum land that will support it (Thompson 1978), and this is desirable in semi free-range 
enclosures and in landscape isolated areas. The home ranges of Tasmanian devils overlap and are 4-
27 km2, with an average of 8.6 km of travelling per night within this range, yet they do not defend 
territories (Pemberton 1990). Female devils will become associated with a maternal den after 
reproducing, restricting their potential movements outside of the local area. Home range sizes for 
bettongs in the Arid Recovery reserve average 0.23-0.36 km2, and they use an average of 2.7 warrens 
within five months (Finlayson & Moseby 2004). It is unknown what effect a change in sexual behaviour 
due to contraception will have on the dispersal of a female devil or bettong. Mares (Equus caballus) 
treated with PZP immunocontraception change groups more often, which then results in changes to 
behaviour and increased stress responses in males (Jones 2018). Koalas (Phascolarctos cinereus) 
treated with gestagen contraceptive implants were found to travel up to 11 km out of their normal 
range leading up to and during the second and third studied breeding seasons (Hynes et al. 2011). This 
appeared to be a response to the lack of dependent pouch young, as other control females that had 
lost their young or were infertile travelled similar distances (Hynes et al. 2011). Contraception of 
females may also alter male movement patterns to associate more closely with untreated females 
during the breeding season, or with treated females during the non-breeding season (Poiani et al. 
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2002). Considering this behaviour in another marsupial after contraceptive treatment, it is important 
to recognise and monitor any abnormal movement patterns in Tasmanian devils or bettongs following 
contraceptive treatment. 
1.5.4 POPULATION-LEVEL EFFECTS FOLLOWING REINTRODUCTION 
Many studies into the behavioural side-effects of individuals treated with contraception have been 
carried out in captivity, so it is important to find out what population-level impacts contraception may 
have in the wild. In reviewing the scientific literature, Gray and Cameron (2010) found that overall, 
treated females, and occasionally untreated conspecific individuals, experience increased longevity 
due to contraceptive treatment. This longer lifespan is potentially a result of the increased body 
condition due to the decreased costs of reproduction. Population dynamics may be further altered as 
the offspring of untreated females will have less competition for resources and enhanced survival 
(Gray & Cameron 2010). From a management perspective, it is important to determine any 
demographic changes resulting from contraception before individuals are released into the wild. 
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Abstract 
Contraception has an established role in managing overabundant populations and preventing 
undesirable breeding in zoos. We propose that it can also be used strategically and selectively in 
conservation to increase the genetic and behavioural quality of the animals. In captive breeding 
programs, it is becoming increasingly important to maximise the retention of genetic diversity by 
managing the reproductive contribution of each individual and preventing genetically suboptimal 
breeding through the use of selective contraception. Reproductive suppression of selected individuals 
in conservation programs has further benefits of allowing animals to be housed as a group in extensive 
enclosures without interfering with breeding recommendations, which reduces adaptation to 
captivity and facilitates the expression of wild behaviours and social structures. Before selective 
contraception can be incorporated into a breeding program, the most suitable method of fertility 
control must be selected, and this can be influenced by factors such as species life history, age, ease 
of treatment, potential for reversibility, and desired management outcome for the individual or 
population. Contraception should then be implemented in the population following a step-by-step 
process. In this way, it can provide crucial, flexible control over breeding to promote the physical and 
genetic health and sustainability of a conservation-dependent species held in captivity. For Tasmanian 
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devils (Sarcophilus harrisii), black-flanked rock wallabies (Petrogale lateralis), and burrowing bettongs 
(Bettongia lesueur), contraception can benefit their conservation by maximizing genetic diversity and 
behavioural integrity in the captive breeding program, or, in the case of the wallabies and bettongs, 
by reducing populations to a sustainable size when they become locally overabundant. In these 
examples, contraceptive duration relative to reproductive life, reversibility, and predictability of the 
contraceptive agent being used are important to ensure the potential for individuals to reproduce 
following cessation of contraception, as exemplified by the wallabies when their population crashed 
and needed females to resume breeding. 
Introduction 
Fertility control has traditionally been used in wildlife species to prevent undesirable breeding (such 
as between siblings) in zoo housing and to manage overabundant native or introduced free-ranging 
wildlife populations (Asa et al. 2005). Recently, a new and promising role has emerged for the use of 
contraception to manage breeding of conservation-dependent species in large free-range or semiwild 
enclosures. These species are affected by threatening processes in situ, such as disease or predation, 
and therefore require careful management (often both in situ and ex situ) to ensure their long-term 
survival. Although counterintuitive, selective contraception has a role in the management of these 
geographically or anthropogenically isolated populations at an individual and population level. We 
examined reasons for selective contraception, key considerations in its use in conservation-dependent 
species, and types of contraception currently available for wildlife management. For our purposes 
conservation-dependent refers to any species that requires some form of intensive effort to combat 
threatening processes and preserve a sustainable captive or wild population into the future. We 
devised a framework for the implementation of contraception in conservation programs and 
considered three wildlife examples to illustrate different management situations and highlight the 
importance of different aspects of the contraceptive regime. We sought to draw on previous research 
and experiences to detail the importance and potential use of contraception across conservation 
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situations, based on contemporary Australian examples, rather than to create a comprehensive 
review of the literature. 
Suppression of Reproduction in Conservation-Dependent Species 
Numerous species worldwide are facing extinction (Saier 2006; Stork 2010; Pimm et al. 2014), and 
climate change, habitat destruction, introduced predators and competitors, and emerging infectious 
diseases pose major threats to wildlife populations. Failure to ameliorate threatening processes in situ 
necessitates the need for ex situ conservation programs for many of these conservation-dependent 
species. These ex situ populations are maintained in relatively closed environments, ranging from 
traditional intensive zoo breeding programs to large, free-range enclosures and island systems (Hogg 
et al. 2017b), that have limited resources and space to hold animals for extended periods (Fa et al. 
2011; Hogg 2013). Hence, there is a growing need to strategically limit the growth of these populations 
(Soulé et al. 1986; Lees & Wilcken 2009; Traylor-Holzer et al. 2013). We propose this can be achieved 
by reducing reproduction in individuals from overrepresented family lines, which allows allocating 
limited resources to the production of genetically valuable offspring and thereby maintains the genetic 
fitness of the captive population.  
It is critical to maintain genetic fitness when populations are held in captivity for several generations, 
and species managers must not allow the confines of housing space and financial support to 
compromise genetic integrity (Ballou et al. 2010). Genetic fitness is achieved by maximising the 
retention of extant genetic diversity and minimising the levels of inbreeding and adaptation to 
captivity, thus enhancing the species’ propensity for adaptation and survival (Frankham et al. 2002; 
Frankham 2008; Miller & Herbert 2010). Genetic fitness is greatly influenced by effective management 
of reproduction, yet the second largest area of failure for zoo-based conservation programs is the 
inability to effectively manage such biological factors (Lees & Wilcken 2009). Conservation programs 
utilising a mixture of housing types (intensive housing, free-range enclosures, and landscape-isolated 
areas) must not make this mistake.  
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In intensive housing situations, breeding management is made relatively straightforward by 
separating or combining certain individuals, yet in this arrangement it is difficult to minimise 
adaptation to captivity, which can occur relatively quickly (Day & O'Connor 2000; Frankham 2008; 
Christie et al. 2012). Limited mate choice can also lead to reduction in reproductive output (Penfold 
et al. 2014). Alternatively, semi free-range enclosures and landscape-isolated areas facilitate the 
expression of wild behaviours and relationships (Jones et al. 2007), but it becomes difficult to strictly 
manage breeding. Productivity in such enclosures may also be higher than in intensive facilities (Hogg 
et al. 2015), but it is not necessarily ideal for every animal to breed. This is where selective 
contraception steps in; it allows biological factors to be effectively managed in all housing 
arrangements. Animals can be housed in a manner that reduces adaptation to captivity and facilitates 
the expression of wild behaviours and social structures, and contraceptives can be used to suppress 
genetically suboptimal breeding (see Tasmanian devil [Sarcophilus harrisii] case study below).  
We propose that selective contraception be used to meet genetic and demographic objectives of 
managed populations. These include adjusting the representation of founder lineages, managing 
inbreeding coefficients, regulating family sizes, and stabilising the population at carrying capacity 
(Ballou et al. 2010). Selective contraception also allows the genetic diversity of populations to be more 
closely managed, which reduces the absolute population sizes needed for genetic sustainability and 
hence the strain on limited conservation resources (Frankham et al. 2002; Lees & Wilcken 2009). 
Finally, if used as part of a conservation program with the ultimate goal of reintroduction to the wild, 
contraception of group-housed animals can support the expression of natural behaviours and 
relationships by facilitating more extensive management options while some control over individual 
breeding opportunities is maintained. Miller et al. (2013a) suggest contraception may have negative 
genetic effects; however, if it is used selectively on animals with known genotypes to simulate natural 
population-regulation mechanisms, the genetic situation and population management may be 
improved. 
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Considerations for Use of Fertility Control in Conservation Programs 
Much has been written about the attributes of an ideal wildlife fertility control agent for overabundant 
species. It should be highly effective, have a predictable outcome, retain social structure, have no 
effect on existing pregnancy, have no toxicity to recipient or applicator, be unable to pass through the 
food chain, have potential for remote delivery, and be cost-effective (Turner & Rutberg 2013). 
Although all these points are applicable, the most important contraceptive characteristics for a 
conservation-dependent species are safety, predictability, and reversibility. Agents with a midterm 
duration (in relation to the animal’s reproductive life) are desirable so that breeding can be resumed 
if necessary following cessation of effect (Penfold et al. 2014). The key considerations for 
contraceptive use in conservation-dependent species are reversibility, predictability, safety, ease of 
delivery, and cost-effectiveness. 
Reversibility 
Reversibility of fertility control is vital in conservation-dependent species because it allows for 
adaptive management should there be undesirable impacts of the treatment, such as adverse health 
impacts, changes to age structure or genetic variation (Willers et al. 2014), or changes in the status of 
the population over time (e.g., population crash, see black flanked rock wallaby [Petrogale lateralis 
lateralis] case study below). In more intensive management scenarios, breeding recommendations 
are often made before the onset of the breeding season. Hence, fertility-control agents that are known 
to work predictably for a finite number of seasons and for a fraction of the animal’s reproductive life-
span are desirable. This gives managers the flexibility to allow subsequent breeding of the animal if 
genetically (or numerically) desirable or the option to reapply fertility control if breeding remains 
undesirable. A contraceptive is reversible either if it is removable (Moresco et al. 2014) or if breeding 
is successfully recommenced once the contraceptive effect wears off. Contraceptive longevity (and 
hence reversibility) varies within and between species and with the type of contraceptive agent (Asa 
et al. 2005; AZA RMC 2016) (Table 1.1). An example of this variation in reversibility within species can 
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be seen in lionesses (Panthera leo). Bertschinger et al. (2008) found reversibility after treatment with 
3 × 4.7 mg or 1 × 9.4 mg deslorelin implants, yet Miller et al. (2013b) found that a few individuals did 
not return to normal cycling. 
Predictability of Efficacy and Longevity 
Knowledge of the efficacy of the contraceptive (i.e. the species-specific contraceptive success) is 
important to ensure that breeding recommendations can be followed. This prevents the production 
of more offspring than can be well cared for and the use of limited resources to support offspring with 
low genetic value to the population. The duration of effect needs to be long enough to reduce the 
frequency of retreatments but short enough to allow the reversal of contraceptive effect to occur 
before the end of the animal’s reproductive life (if necessary). We recommend that, as a ballpark 
figure, contraceptive agents of choice be less than or equal to half the reproductive life-span of the 
average individual. Given the reported intra- and inter specific variability in efficacy and longevity, we 
recommend pilot studies on the recipient species prior to widespread use (see Herbert et al. [2010] 
for examples of variable duration of contraception in kangaroos [Macropus giganteus] and wallabies 
[Macropus eugenii]) to ensure the greatest predictability of outcomes for the contraceptive employed. 
In some species a pilot study to determine the efficacy may take years to accumulate data, particularly 
if samples sizes are small or endocrine studies are not used to assess the agent. A pilot study is useful 
to assess any immediate adverse side effects on the health of the individuals, or significant changes in 
behaviour and can be incorporated into an adaptive management program, provided that follow-up 
monitoring and reporting are incorporated in the management regime. 
Safety 
All fertility-control agents alter the physiology of treated animals; hence, some side effects are to be 
expected. However, adverse side effects should be avoided to ensure the continued health and fitness 
of individual animals (Turner & Rutberg 2013). The significance of adverse side effects can vary from 
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extreme cases of reproductive tract disease causing infertility (e.g., progestin-induced disease in 
carnivores, especially felids (Munson et al. 2005)) to minor weight gain (Porton & Dematteo 2005) and 
alterations to movement patterns during treatment (Hynes et al. 2011). The potential for side effects 
must be weighed against the need to manage the potential detrimental effects of uncontrolled 
breeding, overpopulation, and suboptimal genetic pairings.  
The American Association of Zoos and Aquariums (AZA) provides an excellent model for detecting and 
monitoring side effects through its Reproductive Management Centre (RMC), which hosts a database 
on contraceptive use in member zoos and other institutions (Asa & Porton 2005). It was primarily 
through this reporting process, and associated pathology submissions, that the negative side effects 
of progestin-based contraceptives in felids were established (Munson et al. 2005) (Table 1.1). This 
demonstrates the importance of monitoring the health of individuals treated with contraceptive 
implants during and after initial pilot trials in multiple species. 
Ease of Delivery and Cost Effectiveness 
Ease of delivery and cost-effectiveness are also important aspects to consider when evaluating the 
use of fertility control as a management tool (DeNicola et al. 1997; Turner & Rutberg 2013). Within 
larger enclosures, where animals are housed in groups to maintain natural behaviour, a contraceptive 
agent must be injectable (rather than provided orally in food) so that the target animal can be treated 
independent of other nontarget cohabitants. Contraceptive agents must be affordable within the 
context of the operational budget, which often varies greatly between species, if they are likely to be 
employed on a more widespread basis. In extensively managed systems, ease of delivery and cost-
effectiveness often go hand in hand because the ability to physically treat animals (either via remote 
delivery or capture and hand injection) contributes significantly to the cost of management 
(Kirkpatrick 2007). 
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The gender to target should also be carefully considered and will likely vary depending on the specific 
genotype (and genetic representation) of individual animals and the sex-specific efficacy of available 
contraceptive agents. In general, it is easier to target females because there are more contraceptive 
agents to choose from for females and treatment of males often results in unwanted side effects. The 
greater diversity of options for females arises partly because of the significant investment in 
contraceptive agents for women that has resulted in extensive development of progestin-based 
contraceptives. Fundamental differences in the hypothalamic–pituitary–gonadal feedback system in 
females versus males also mean some contraceptives are ineffective in males of some species. For 
example, GnRH agonists inhibit reproduction in male dogs (Canis lupus familiaris) (Trigg et al. 2001) 
yet have no effect on a number of male marsupials (Herbert et al. 2004b; Eymann et al. 2007) and 
some other eutherian species (Lincoln 1987; D'Occhio & Aspden 1996). Treatment of males also 
results in undesirable side effects in many cases due to the reduction in testosterone concentrations 
(Table 1.1), which will alter male secondary sex characteristics, including behaviour and physical 
appearance. Also, if males are targeted, then females would experience more unmated cycles, 
increasing their exposure to high levels of oestrogen, which may have deleterious effects on their 
reproductive system (Penfold et al. 2014). 
Types of Fertility Control 
The methods of fertility control most commonly used by zoo and wildlife managers include surgical 
sterilisation, immunocontraception, and hormonal contraceptives (Asa 2005b; AZA RMC 2016). These 
methods prevent reproduction either by creating a physical barrier between reproductive 
components or by physiologically or immunologically blocking the necessary function of these 
components. The mechanism of action, common products, duration of effectiveness, and advantages 
and disadvantages of a number of candidate fertility control agents most likely to be used in 
conservation (in Australia and most other countries) are summarised in Table 1.1. This list focuses on 
injectable, medium-long duration products, which are most likely to be efficacious in semi free-range 
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enclosures and landscape-isolated systems. Hence, it does not include oral contraceptive agents that 
might be more amenable for intensively housed animals. Surgical sterilisation has been excluded from 
this table because it violates one of the key attributes that is desirable when utilising fertility control 
in a conservation-dependent species: reversibility. Although surgical approaches such as vasectomy 
are technically reversible, this process is labour intensive and unreliable (Asa 2005b).  
The information in Table 1.1 provides a ready reference for managers to short-list potential 
contraceptive agents for use in their program. Managers should short-list potential contraceptive 
agents based on the decision tree outlined in Fig. 1.1. 
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Table 1.1: Advantages and disadvantages of the most common forms of contraception for use in wildlife conservation in Australia and other countries.* 
Contraceptive  Mode of action or product Duration Advantages Disadvantages 
Immunocontraception vaccination against a component of 
the reproductive system to induce 
an immune response and prevent 
the target from performing its 
necessary function (1)* 
species: effective in a range of 
ungulates and some carnivores (2, 
3) 
1-5 years reversible after short-term use (4) 
 
an adjuvant is required to 
stimulate immune response, 
but can cause localised 
inflammation and pain (4, 5) 
potential unintended selection of 
animals that do not respond (5) 
variable duration between 
individuals (4, 6) 
    GnRH vaccination vaccination against gonadotrophin-
releasing hormone (GnRH), which 
controls reproductive function  
sex: males and females 
multiple years 
depending on 
preparation  
(GonaCon has 2-5 
year duration; 7) 
effective in many mammal species 
(6, 8, 9) 
 single injection in some cases (e.g. 
GonaCon)(7) 
reduces testosterone in males, 
inhibiting secondary sexual 
characteristics and potentially 
behaviour (10, 11) 
   PZP vaccination vaccination against porcine zona-
pellucida (a protein surrounding 
the egg)  
sex: females only 
one year duration (12) appears safe for pregnant females 
(4) 
reversible in female ungulates with 
short-term treatment (3, 4) 
may not be reversible in some 
species or become permanent 
after 3 years of treatment (4) 
generally requires multiple 
injections (4) 
Hormonal 
contraceptives - 
steroidal 
reduces concentration of LH and FSH, 
inhibiting follicular development 
and ovulation (13, 14) 
species: recommended for ungulates, 
primates, marsupials (3) 
see individual products many formulations available in the 
form of pharmaceuticals 
developed for women 
active by oral route, therefore can 
have secondary effects on 
predators/scavengers 
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Contraceptive  Mode of action or product Duration Advantages Disadvantages 
  Synthetic progestins 
 
also alters cervical mucus, becoming 
impenetrable to spermatozoa and 
preventing implantation of the 
zygote (14, 15) 
sex: females only 
 
generally safe for use in lactating 
females (16) 
reversal rates high in female 
primates and ungulates (17) 
weight gain in many species (3) 
many side effects of varying extent 
on the reproductive tract (18)  
behavioural signs of oestrus are 
not suppressed (4) 
potential for abortion, embryonic 
resorption or dystocia 
depending on pregnancy stage 
and species (4)  
levonorgestrel (large silastic implant, 
injected subcutaneously) 
long-term duration (> 
six breeding seasons 
in koalas) (19), and 
at least 27 months in 
eastern grey 
kangaroos (20) 
no documented negative side 
effects in marsupials (koalas, 
(19); kangaroos, (20)) 
reversible by removal (19) 
 
 
melengestrol acetate (silastic 
implant, or delivered orally as a 
liquid or food pellet) 
effective for at least 2 
years, and possibly 
up to 5 (3) 
reversible (3) 
effective in most mammals that 
have been treated (4) 
 
 Depo-Provera®, containing 
medroxyprogesterone acetate 
(injections) 
effective for 4 weeks to 
2 years, depending 
on species (3) 
useful for seasonally reproductive 
species, or when anaesthesia 
for implant injection is an issue 
(3) 
 
highly variable duration of effect, 
with some species requiring 
more frequent injections at 
higher doses (3) 
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Contraceptive  Mode of action or product Duration Advantages Disadvantages 
Hormonal 
Contraceptives - Non-
steroidal  
 
 
 
LH and FSH are initially stimulated 
before continuous exposure 
desensitises the pituitary to 
GnRH. This causes the down-
regulation of the hypothalamic-
pituitary-gonadal axis, thus 
suppressing FSH and LH release 
(21). This inhibits follicular 
development and ovulation.  
species: recommended for 
carnivores, ungulates, primates, 
marsupials, marine mammals (3) 
6 months – 3 years non- invasive 
single injection (22) 
no adjuvant required (22) 
 
initial stimulation induces oestrus 
and ovulation in some species, 
which increases the risk of 
uterine pathology in felids and 
canids (23). However, this can 
be prevented with megestrol 
acetate (3). 
weight gain in felids (24, 25) 
   Gonadotrophin-
releasing hormone 
(GnRH) agonists 
 
suprelorin, containing deslorelin 
(slow-release implant)  
sex: effective in both sexes of many 
species, but used most commonly 
in females (3) 
 
the 4.7 mg and 9.4 mg 
implants have a 
minimum duration 
of 6 and 12 months, 
respectively (3) 
no known significant side effects 
(26, 27) 
proven effective in several 
domestic, native and exotic 
species (28-34) 
mid-term duration (1-2 years, (23) 
gives flexibility for seasonal 
breeding recommendations 
implants readily removable (35), 
although others have reported 
difficulty (4, 32) 
pre-pubertal treatment is 
reversible (24, 36) 
variable duration of effect 
between individuals and 
species (4, 32) 
time for reversal  difficult to 
predict (24, 26) except with 
removal of implant 
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Contraceptive  Mode of action or product Duration Advantages Disadvantages 
 lupron® (depot injection) 
sex: males and females 
1 to 6 months (3) mainly used in males to suppress 
testosterone and sperm 
production (3) 
probably not effective in male 
bovids, cervids or marsupials (3, 
37) 
initial stimulation of reproductive 
system before suppression (3) 
may cause abortion (3) 
may prevent epiphyseal closure of 
long bones in juveniles (3) 
expensive to purchase (3) 
*Numbers in parentheses are citations: [1] Cooper & Larsen 2006;  [2] Frank et al. 2005; [3] AZA RMC 2016; [4] Asa 2005b; [4] Asa 2005b; [5] Cooper 2004; [6] 
Miller et al. 2013a; [7] Miller et al. 2008; [8] Fagerstone et al. 2010; [9] Miller et al. 2004; [10] Killian et al. 2005; [11] Bilskis et al. 2012; [12] Turner Jr et al. 
2001; [13] Kamada et al. 1994; [14] Rivera et al. 1999; [15] Segal et al. 1992; [16] WHO 1994; [17] Asa 2005a; [18] Munson et al. 2005; [19] Hynes et al. 2010; 
[20] Nave et al. 2002; [21] Ortmann et al. 2002; [22] Herbert & Trigg 2005; [23] Asa et al. 2012; [24] Herrick et al. 2007; [25] Miller et al. 2013b; [26] Asa & 
Porton 2005; [27] Bertschinger et al. 2008; [28] Bertschinger et al. 2001; [29] Bertschinger et al. 2002; [30] D'Occhio et al. 2000; [31] Munson 2006; [32] 
Swanson & Fletchall 2011; [33] Trigg et al. 2001; [34] Wilson et al. 2013; [35] Moresco et al. 2014; [36] Herbert et al. 2013; [37] Lincoln 1987 
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Figure 1.1: Stylised decision tree for selecting a contraceptive agent to use in a particular species.  
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Framework for Implementation of Fertility Control in Conservation Programs 
Understand the Species’ Reproductive Biology 
Before considering fertility control in any species it is important to understand the species’ 
reproductive biology and mating system. Knowledge of the breeding season, reproductive strategy, 
cyclicity, and special adaptations such as embryonic diapause will affect the choice of fertility control 
(Fig. 1.1) and the optimal timing of treatment. The reproductive life-span and age at sexual maturity 
should also be considered to determine the appropriate duration of contraception to allow an animal 
the potential to breed either before treatment or after the contraceptive wears off. 
Reach a Sustainable Population Size through Sound Population Management 
A sustainable population is defined as one able to persist indefinitely with the available resources, 
being either self-sustaining or externally supplemented (Ballou et al. 2010). A sustainable insurance 
population requires an appropriate number of founders for capturing genetic representation from the 
wild; 20–50 individuals represented is generally considered acceptable depending on the length and 
purpose of the program (Foose & Ballou 1988; Frankham et al. 2002). Once founders are acquired, the 
rate of population growth is important; less loss of genetic variation occurs in populations that grow 
relatively quickly to a larger size (Ballou et al. 2010; Fa et al. 2011). Contraception should be used at 
the management phase when the population is at or approaching carrying capacity and self-
sustainability (Ballou et al. 2010). 
Use Pedigree Management to Rank Genetic Importance of Individuals in the Population 
Using studbooks to manage a population is common practice, although pedigree management has 
limitations (Ivy & Lacy 2012). Permanent identification, such as microchips or tattoos, assists with 
determining ongoing relationships between individuals within a population. Traditional species 
management uses the mean kinship (average kinship between itself and all living individuals in the 
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population) of an individual to determine its importance for breeding within a population (Ballou & 
Lacy 1995). Modelling shows that a mean kinship-based management strategy is the best way to 
maintain genetic diversity in a captive population over multiple (>10) generations (Rudnick & Lacy 
2008). The global conservation community is working toward integrating molecular genetics into 
species management to enhance current pedigree-based methods to ensure maximum retention of 
genetic diversity over time (Ivy et al. 2010; Leus et al. 2011; Ivy & Lacy 2012). Although we recommend 
implementation of a contraceptive program when the population is near to sustainable carrying 
capacity, selective contraception of individuals that are overrepresented in early generations may be 
appropriate on a case-by-case basis, depending on housing constraints and the extent of skew 
between individual founders. 
Make Breeding Recommendations for Every Animal at Appropriate Intervals 
Breeding recommendations are based on pairing individuals (or groups) with like mean kinship (i.e. 
individuals who are least related to the population are paired together). As a general guideline, 
depending on the status of the population, after a female has produced a number of litters or has a 
close relative (i.e., sister) that has contributed to the next generation, she may no longer be required 
for breeding. This allows females who are least related, and as a consequence likely to be carrying 
different alleles, the opportunity to contribute and equalise founder representation (Lacy 1989). 
Estimate an Optimal Time for Implementation and Contraceptive Delivery 
It is ideal to deliver contraceptives to females at a time that will prevent them from conceiving in the 
next breeding season. The timing of conception is influenced by species-specific physiological 
responses to pregnancy and lactation and seasonal factors (e.g. photoperiod) but may also be 
influenced by prevailing environmental conditions. Conception often occurs when the current young 
approach weaning, but it can occur significantly earlier than this in the case of species that can carry 
a dormant blastocyst. For example, most kangaroos and wallabies will conceive another offspring 
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within days of giving birth, and this will remain in diapause until the first young is ready to leave the 
pouch (Tyndale-Biscoe & Renfree 1987). In some, usually arid-adapted species, the breeding season 
and therefore conception is triggered by major rainfall events (e.g. burrowing bettong [Bettongia 
lesueur] (Richards 2012)). In such species, contraception may need to precede certain predicted 
weather conditions to be effective during the peak breeding season and prevent major population 
size fluctuations (see burrowing bettong [Bettongia lesueur] case study below). This highlights the 
need to understand the species reproductive biology before implementing a fertility control program. 
Case Studies of the Need for Selective Contraception in Conservation Programs 
Every species, population, and conservation program will require a situation-specific approach to 
contraception. Our proposed framework above will guide managers toward finding and implementing 
the best approach for their situation and goals. The following case studies outline the use of 
contraception in three Australian marsupial species, highlighting the different management goals and 
species-specific efficacy of the contraceptive agent. The first outlines the selective use of 
contraception to manage the genetic diversity in an insurance population, the second highlights the 
need for reversibility of contraception as a safeguard against stochastic events, and the third outlines 
the management of overabundance within a fenced reserve. Each case displays the need for 
reversibility, predictability, and understanding of the genetic structure of the population when using 
contraception on endangered species; themes that are relevant and applicable to conservation 
programs globally. 
Tasmanian Devils 
Tasmanian devils are endangered (IUCN 2017), are threatened primarily by devil facial tumour disease, 
and have insurance populations managed as metapopulations held within intensive and free-range 
enclosures and managed on geographic isolates on Maria Island and the Tasman Peninsula. 
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Devil facial tumour disease (DFTD) has had a devastating effect on Tasmanian devil populations. The 
disease has spread across most of the range of the species and caused local declines of up to 90% 
(Lachish et al. 2007) and almost 100% mortality within six months of development of clinical signs 
(McCallum et al. 2007; McCallum 2008). An insurance population was established in 2006 by the Save 
the Tasmanian Devil Program (STDP) and the Zoo and Aquarium Association Australasia (Hogg et al. 
2015) in response to predictions that the species could be extinct in areas of the wild within 25–30 
years (McCallum et al. 2007). Breeding within the insurance population is intensively managed based 
on pedigree data and genetic typing of founder individuals (Hogg et al. 2017b). 
One of the main goals of the insurance population is to maintain the wild-sourced genetic diversity for 
at least 50 years and to produce genetically diverse and physically healthy devils for future release 
into the wild (Hogg et al. 2014). In 2013, there were approximately 700 devils from 174 founders held 
in 4 different types of housing strategy in the insurance population, including intensive management, 
managed environmental enclosures (MEEs), free-range enclosures (FREs), and landscape-isolated 
areas such as Maria Island and the Tasman Peninsula (Hogg et al. 2013). Maintaining animals in 
intensive housing is costly, and there are realistic concerns about the potential for adaptation to 
captivity, depending on the selection intensity, genetic diversity, effective population size, and 
number of generations held in captivity (Frankham 2008). The MEEs and FREs are ideal to house devils 
in groups because they allow them to exhibit wild behaviours and support natural host-parasite 
relationships while reducing running costs. In group-housing situations, selective contraception can 
be used to manage reproduction, whereas previously this level of control over breeding was only 
achievable in individual housing facilities by separating or combining individuals. Genetically 
underrepresented males and females can be placed in a FRE for breeding, where individuals create an 
age pyramid to reflect natural demographics and numbers are supplemented by females treated with 
contraceptives creating an even sex ratio.  
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Tasmanian devils have a relatively short lifespan and a finite period of reproductive potential from 
puberty (~2 years of age) until they become senescent at 5–6 years of age (Hughes 1982; Tyndale-
Biscoe & Renfree 1987; Jones et al. 2008). Tasmanian devils also have a relatively short breeding 
season. Up to 3 oestrous cycles occur from March to May, and they do not have embryonic diapause 
(Guiler 1970a; Keeley et al. 2012b). A GnRH agonist such as Suprelorin is likely to be the best option 
for Tasmanian devils due to its relatively short duration of effect, minimal side effects, and ease of 
delivery (Table 1.1). The most appropriate treatment regime will likely vary depending on the genetic 
value of an individual. For highly valuable genetic individuals, breeding early on is warranted to ensure 
a number of offspring are produced prior to contraception, if required. Although the use of a GnRH 
agonist is short term and reversible, Tasmanian devil productivity declines with age (Farquharson et 
al. 2017), so if a number of offspring are required, breeding early is better in this species. For less 
valuable individuals whose family line is already well-represented, it may be appropriate to treat the 
individual before puberty, to allow the potential for a short-term contraceptive (such as a GnRH 
agonist [Table 1.1]) to wear off, and return it to fertility and reproduction around 3–4 years of age. 
This example shows how selective contraception has the potential to promote behavioural, 
reproductive, and genetic integrity and maintain a sustainable population size within a 
metapopulation under several housing types and when resources are limited. 
Black-Flanked Rock Wallaby 
The black-flanked rock wallaby is classified as vulnerable (IUCN 2017) and is threatened primarily by 
predation from foxes (Vulpes vulpes); competition with goats, sheep, and rabbits; and altered fire 
regimes (Department of the Environment 2015b). It exists in geographically disjunct populations 
inhabiting rocky outcrops in the wheat belt of Western Australia. Despite its greatly reduced 
distribution due to predation from foxes and cats, this species was considered overabundant at two 
locations in the Western Australian Wheat Belt following successful predator control (Kinnear et al. 
2010). Predator baiting reversed previous declines in rock wallaby populations, but there was no 
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increase in food supply, resulting in overgrazing once the carrying capacity of the rocky outcrop was 
exceeded (Kinnear et al. 2010). Fertility control was deemed an appropriate option due to the isolated 
nature of these populations and lack of immigration and emigration, which could reduce the 
effectiveness of fertility control (Merrill et al. 2006; Willers 2012). When these populations were at 
their peak, Willers (2012) used Suprelorin contraceptive implants to inhibit reproduction in a small 
group of rock wallabies for at least 27 months with no obvious adverse effects. Suprelorin was chosen 
due to its past success in other marsupial species (Herbert & Trigg 2005; Herbert et al. 2006; Eymann 
et al. 2007; Lohr et al. 2009). A longer-term study to assess full contraceptive duration and reversibility 
was suggested because it could not be achieved in their time frame (Willers 2012). Although females 
were not targeted based on their genotype, the geographic isolation of these populations and 
demonstrated low levels of genetic diversity (Eldridge et al. 1999) highlight the potential for 
contraceptives to be selectively deployed in populations like this to inhibit reproduction by genetically 
overrepresented females. However, sometime after the contraception trial, the population of rock 
wallabies on several rock outcrops underwent a significant and uncontrolled decline due to factors 
unrelated to the contraception (Pearson 2013). 
This case study emphasises the need for long-term monitoring and to ensure contraceptives used in 
at-risk populations are reversible to allow flexibility in the face of changes to the population status 
over timeframes that are relevant to the species’ biology (Willers 2012). 
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Burrowing Bettongs 
The burrowing bettong is near threatened (IUCN 2017) and is threatened primarily by predation from 
feral cats, foxes, and wedge-tailed eagles (Aquila audax) (Department of the Environment 2015a). It 
occurs in predator-proof free-ranging reserves at Arid Recovery reserve, Heirisson Prong, and Scotia 
Sanctuary and in a captive population at Yookamurra wildlife sanctuary (Richards 2012; Hayward et 
al. 2014). At the time of European settlement, burrowing bettongs were widely distributed across the 
southern portion of Australia, but they are now restricted to small populations on Bernier and Dorre 
Islands in Shark Bay and Barrow and Boodie Islands in Western Australia (Short & Turner 1993; 
Richards 2012). Animals from Heirisson Prong (originally from Dorre Island) and Bernier Island were 
introduced to Arid Recovery Reserve in 1999 and 2000 (Jarman 2011; Richards 2012). Since their 
reintroduction to Arid Recovery, bettong numbers have increased dramatically. Their estimated 
population is several thousand individuals in the 123 km2 reserve (Arid Recovery 2013). Burrowing 
bettongs are capable of greatly increasing population size under good weather conditions, particularly 
when top-order predators are absent to naturally control populations (Arid Recovery 2013). This has 
become a significant problem in the reserve, where the increasing population has damaged vegetation 
and increased competition for limited resources among the bettongs and other conservation-
dependent species (Arid Recovery 2013; Linley et al. 2016). The development of management actions 
for this overabundance is of a high priority for the reserve. 
Retention of extant genetic diversity is highly important in this species due to significant population 
bottlenecks in all remaining burrowing bettong populations (Short & Turner 1993; Richards 2012). The 
extensive nature of these bettong populations means that it would be difficult to conduct genetic 
typing of individuals and subsequently recapture and treat previously identified target animals (as is 
done in the Tasmanian devil population). In this situation, an alternative approach could be to target 
females who appear to have recently weaned an offspring (elongated teat and large mammary gland) 
or to only employ contraceptive implants with a short- to medium-term efficacy (1–2 years). Due to 
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the small size of bettongs and their free-ranging lifestyle in the reserve, the best delivery method 
would be an implant or injection after trapping. Previous modelling of the impact of different fertility 
control regimes on the maintenance of genetic diversity in inbred koala (Phascolarctos cinereus) 
populations shows that a contraceptive regime in which each female has the opportunity to breed 
once in her lifetime has no effect on the effective population size (Tanaka et al. 2009). Hence, 
reversible contraception has the capacity to ensure genetic diversity is maintained whilst absolute 
population growth is minimised. The key question in this scenario is whether the large numeric size of 
the population and reserve would present practical and resource limitations to the deployment of 
contraceptives in sufficient numbers of individuals to be effective at a population level. Hence, this 
probably represents an extreme example of where contraception could be effective. 
Conclusions 
These studies are clear examples of the significant role selective contraception has in the management 
of conservation programs or more specifically in recovery programs with a managed component. In 
all cases, continued monitoring of efficacy and reversibility and the effects on population size and 
genetic diversity is essential. Contraception provides crucial, flexible control over breeding that 
promotes the physical and genetic health and sustainability of a conservation-dependent species held 
in captivity. As such, conservation managers should be encouraged to incorporate selective 
contraception into their reintroduction and captive-breeding regimes to prevent demographic, 
genetic, and behavioural degradation of the population. 
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1.7 PROJECT AIMS 
The aim of this thesis is to present and discuss the role of contraception in wildlife conservation 
programs, and to provide two Australian case studies demonstrating the use of contraception as a 
management tool for endangered species in group housing. More specifically, we aimed to determine 
the efficacy, duration of effect, reversibility and potential side effects of the Suprelorin contraceptive 
implant in Tasmanian devils (Chapters 2, 3 and 4) and burrowing bettongs (Chapter 5). 
This aim was achieved for Tasmanian devils with a series of trials on animals held in intensive housing, 
free-range enclosures and an introduced population on Maria Island. I conducted GnRH challenges, 
performed hormone analysis on faecal and serum samples (intensive housing only) and used pouch 
observations (all housing styles) to determine the efficacy, optimal dosage, duration of effect and/or 
reversibility. I used capture data (including body weight and morphometric measurements, 
behavioural observations and trap locations), blood sample analysis and video monitoring to assess a 
range of potential side effects on treated females. 
For burrowing bettongs, the aims were only partially achieved due to poor environmental conditions 
that appeared to suppress reproduction in all bettongs. This made it impossible to separate the effects 
of the environment from contraception. The safety of treatment was assessed by the analysis of 
capture data (including body weight, morphometric measurements, and trap locations). The goal was 
to assess the feasibility of contraception as a tool for managing the overabundance of burrowing 
bettongs within Arid Recovery reserve and similar enclosed sites. 
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CHAPTER 2: CONTRACEPTIVE EFFICACY AND DOSE RESPONSE EFFECTS OF THE 
GNRH AGONIST DESLORELIN IN MALE AND FEMALE TASMANIAN DEVILS 
(SARCOPHILUS HARRISII) 
2.1 BACKGROUND 
The research presented in this chapter comprises the manuscript submitted to the journal, 
Reproduction, Fertility and Development. This study examined the changes in reproductive hormones 
in male and female Tasmanian devils resulting from the use of deslorelin contraceptive implants. The 
goal was to establish the potential utility of this contraceptive agent in this species for conservation 
management, by determining the efficacy, duration of effect, optimal dosage and potential side 
effects, specifically to general health. 
2.2 MAIN ARTICLE 
Contraceptive efficacy and dose response effects of the GnRH agonist deslorelin in 
Tasmanian devils (Sarcophilus harrisii) 
Holly R. Copea, Sarah Peckb, Rebecca Hobbsc, Tamara Keeleyd, Stephen Izzardb, Wei Yeen-Yape, Peter 
J. Whitef, Carolyn J. Hoggag, Catherine A. Herberta* 
a) The University of Sydney, Faculty of Science, SOLES, J.D. Stewart Building B01, Camperdown, 
2006, NSW, Australia 
b) Wildlife Management Branch, Department of Primary Industries, Parks, Water and 
Environment, Hobart, Tas., Australia 
c) Taronga Institute of Science and Learning, Taronga Conservation Society, NSW, Australia. 
d) The University of Queensland, School of Agriculture and Food Sciences, Faculty of Science, 
Gatton, QLD 
e) Independent veterinarian, Hobart, Tasmania 
f) The University of Sydney, Faculty of Science, SSVS, R.M.C. Gunn Building B19, Camperdown, 
2006, NSW, Australia 
g) Zoo and Aquarium Association Australasia, Mosman, NSW, 2088 
*Corresponding author 
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Abstract 
Contraception is increasingly used to manage breeding opportunities in conservation-dependent 
species. This study aimed to determine the efficacy, duration of effect, optimal dosage, and potential 
side effects of Suprelorin contraceptive implants in Tasmanian devils, for use in the conservation 
breeding program. In our pilot study, Suprelorin was found to effectively suppress oestrous cycles in 
female devils yet caused a paradoxical increase in testosterone in males. Therefore, we focused on 
females in further trials. Females received one (n = 5), two (n = 5), or no (n = 5) Suprelorin implants, 
with quarterly gonadotrophin-releasing hormone (GnRH) challenges used to test pituitary 
responsiveness over two breeding seasons. Both Suprelorin dosages suppressed pituitary 
responsiveness for at least one breeding season, with a reduced effect in the second. There was a 
dose-response effect on duration rather than magnitude of effect, with high-dose devils remaining 
suppressed for longer than low-dose animals. There were no apparent negative effects on general 
health, yet captivity and contraception together may cause weight gain. Suprelorin contraceptive 
implants are now routinely used in the Save the Tasmanian Devil Program insurance metapopulation 
to meet the aims of maintaining genetic and behavioural integrity by controlling individual 
reproductive contribution in group housing situations. 
Keywords 
Contraception, endocrinology, hormone, progesterone, testosterone 
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Introduction 
Selective contraception can be a valuable tool to manage the reproductive and genetic integrity of 
captive breeding populations of endangered species (Cope et al. 2018b). It can be used to equalise 
founder representation and maximise genetic diversity within management programs by selecting 
which individuals can or cannot breed while allowing them to be group housed, expressing their wild-
type behaviours and relationships (Cope et al. 2018b). This reduces operational costs and reserves 
resources for genetically valuable offspring only, increasing the genetic benefit per breeding event. 
In response to population decline of wild Tasmanian devils (Sarcophilus harrisii) caused by Devil Facial 
Tumour Disease (DFTD; McCallum et al. 2007; Lazenby et al. 2018), an insurance population was 
established in 2006 by the Save the Tasmanian Devil Program (STDP) and the Zoo and Aquarium 
Association, Australasia (ZAA; Hogg et al. 2015). This metapopulation is carefully managed for 
preservation of the species and sustainable reintroduction into the wild, and includes intensive 
breeding facilities, semi free-ranging enclosures, free-ranging landscape isolated areas and zoo-
housed individuals (Hogg et al. 2017b). At the time of this study, there was a need to manage founder 
representation whilst simultaneously minimising the growth trajectory of the metapopulation and 
maximising opportunities for animals to be held in groups in larger enclosures that could facilitate the 
maintenance of wild-type behaviours. As such, there was a desire to combine recent advancements 
in genomic technology to choose the genetically most-valuable animals for breeding whilst selectively 
inhibiting breeding in less-valuable animals (Cope et al. 2018b). This led to the trial of a slow-release 
contraceptive implant, Suprelorin, in captive Tasmanian devils (this study). 
Suprelorin contraceptive implants had not previously been used in Tasmanian devils but had been 
used successfully in other marsupials including eastern grey kangaroos (Macropus giganteus; Herbert 
et al. 2006; Wilson et al. 2013), tammar wallabies (Notamacropus eugenii; Herbert et al. 2005), black-
flanked rock-wallabies (Petrogale lateralis lateralis; Willers 2012) and common brushtail possums 
(Trichosurus vulpecula; Eymann et al. 2007). Suprelorin contains the gonadotrophin releasing 
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hormone (GnRH) agonist, deslorelin, which exerts its contraceptive effect by down-regulating the 
hypothalamic-pituitary-gonadal axis following continuous exposure to GnRH via the implant (Ortmann 
et al. 2002). This results in suppression of the synthesis and release of follicle stimulating hormone 
(FSH) and luteinizing hormone (LH), which are both essential precursors for successful reproduction 
in both males and females.  
This study is divided into an initial pilot study on both male and female Tasmanian devils and a dose-
response study on females. The aim of the pilot study was to establish whether Suprelorin was an 
effective form of contraception in both male and female Tasmanian devils. An additional aim for the 
males was to determine if Suprelorin could suppress testosterone production to facilitate group 
housing of surplus males whilst minimising aggressive interactions. The aim of the dose-response 
study was to establish the duration of contraceptive effect of Suprelorin implants in female Tasmanian 
devils at two dosages, and to determine whether there was a dose-response effect. This study also 
assessed whether contraception had any adverse effects on body weight or general health 
parameters. The overall goal was to provide a safe and effective tool to manage reproduction of 
individuals in the insurance population. Knowledge of the duration of contraception is essential to 
ensure that the effects of a contraceptive are predictable in this endangered species. Since the 
commencement of this study, Suprelorin has been reported to successfully inhibit reproduction in 
female devils in free-range enclosures with no detectable negative effects (Cope et al. 2018a), but the 
duration of effect in females and efficacy in males has not been established. The current study 
provides the first detailed account of the physiological effects of these implants in both male and 
female devils, with detailed endocrine profiles during treatment and improved resolution of the 
duration of contraceptive effectiveness in females utilising different dosages of Suprelorin. 
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Materials and methods 
Study species 
Tasmanian devils are carnivorous marsupials in the family Dasyuridae, with wild males averaging 8.3 
kg and females 6.6 kg (Peck et al. 2015). Male Tasmanian devils are known to commence breeding at 
age two and breed until they die, usually around five to six years of age (Guiler 1978; Hughes 1982). 
Females are capable of undergoing up to three oestrous cycles in the breeding season beginning in 
February, with most births occurring in March and April (Guiler 1970a; Keeley et al. 2012b). Most 
females will have an average of three breeding seasons in their life, before reproductive senescence 
at five years of age (Guiler 1978; Jones et al. 2007; Jones et al. 2008). This study was carried out with 
approval from various animal ethics committees (the University of Sydney protocol numbers 
2013/6047 and 2014/731; Taronga Conservation Society Australia 4f/10/13). Devils in this study were 
sexually mature based on their known, or estimated, age. Treated and control devils in the pilot study 
were age-matched, and treatment occurred approximately three to four months before males turned  
three,  four or five years of age, and before females turned two, three or four years of age. Females in 
the dose-response study were treated two to three months before they turned two to five years of 
age, with the majority being three years of age. Individuals were identified through their microchip 
transponder (Allflex, Australia). 
Experimental design 
Pilot study 
Devils were housed individually at three locations, with males at two sites run by the Department of 
Primary Industries, Parks, Water and Environment (DPIPWE), Tasmania (Taroona and Cressy Research 
Facility), and females at Taronga Western Plains Zoo (TWPZ), Dubbo, NSW, Australia, as part of the 
Tasmanian Devil insurance population. Males and females were treated with either one Suprelorin 
contraceptive implant (4.7 mg, n = 5/sex), or a placebo implant (n = 5/sex) in December 2013. Faecal 
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samples were collected and behaviour recorded to indicate reproductive status (see below) until July 
2015. This will be referred to as the pilot study hereafter. 
Dose-response study 
Devils used in this study were housed in single-sex groups of one to four females at the Cressy 
Research Facility. Animals were allocated into one of three groups, being high dose (HD) (two 4.7 mg 
implants; n = 5), low dose (LD) (one 4.7 mg implant; n = 5) and control (same handling procedures, but 
no implant; n = 5). All animals were treated between the 14th to 16th January 2015 before the beginning 
of the next breeding season in February/March; apart from three controls which entered the trial on 
16th to 17th April 2015.  
A GnRH challenge (see below) was used to determine whether Suprelorin treatment had caused 
desensitisation of the pituitary to exogenous GnRH. This is a more direct approach for measuring the 
effect of Suprelorin compared to analysing steroid hormones such as testosterone, oestrogen or 
progesterone, as these are dependent on the sensitivity of the gonads to gonadotrophins (Scheele et 
al. 1996). A GnRH challenge also magnifies the changes in pituitary responsiveness compared to simply 
measuring LH and FSH concentrations (Scheele et al. 1996). Immediately prior to treatment with the 
contraceptive, the challenge was performed under anaesthesia on all devils to determine their 
baseline hormonal response. Every three months after treatment this challenge was repeated, for a 
total of seven challenges spanning January 2015 to July 2016, to determine hormonal responsiveness 
over two breeding seasons. The years 2015 and 2016 will be referred to as years 1 and 2. 
The devils were fed twice per week by STDP staff on a varied diet including eggs, sheep, chicken, fish, 
and whole brushtail possum and Bennett’s wallaby carcasses. Individual weight and body condition 
score (BCS; five point system with one being very thin and 5 being obese, as per the STDP Standard 
Operating Procedure) were recorded and, based on this information, individual diet was changed 
accordingly each month. Devils were put on either A+ (underweight), A (good weight), B (overweight) 
or C (obese) diets to increase, maintain or decrease weight towards an ideal BCS of around three. The 
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exact quantities given to each diet category varied depending on time of year, activity levels and type 
of food given.  
Animal Capture, Handling and Data Collection 
Pilot study 
STDP staff captured the devils in their pens using a tail-grab method or set baited PVC pipe traps the 
night before, for health checks and contraceptive treatment. Faecal samples were collected daily for 
the first 7 days, followed by weekly collection for up to 90 days post-treatment for the males. Samples 
were collected from females three times per week from December to July in the two years following 
treatment (up to 576 days later). In year 2, samples were only collected from treated female devils. 
Samples were stored at -20°C for subsequent assay to determine faecal testosterone and 
progesterone metabolite concentrations for males and females, respectively. Testes measurements 
(mean of three repeated measurements for each of testis length (excluding epididymis), breadth and 
combined width, measured with vernier callipers) were taken at the time of treatment and 6 weeks 
post-treatment. All devils were individually housed and kept in similar conditions receiving 
comparable husbandry which included annual health checks in April. This involved blood sampling for 
haematology and serum biochemistry, weighing, pouch inspection and measuring testis size. Keepers 
maintained daily records of females’ food intake and behavioural, or physiological, signs of oestrus 
(slightly reddened and moist pouch, mating behaviour and loss of appetite). Females were paired with 
males if oestrus was suspected (>50% of offered food remaining after 24 hours of availability (Keeley 
et al. 2012b)). Fresh faecal samples were collected from the floor of an individual animal’s enclosure 
by keepers in accordance with the described sampling frequency. 
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Dose-response study 
STDP staff captured the devils in their pens using a tail-grab method or set baited PVC pipe traps the 
night before. They were then transferred into a hessian sack to be weighed with spring hanging scales 
(Pesola, Macro-Line 80020). Veterinarians maintained and monitored animals under general 
anaesthesia with isoflurane during the GnRH challenge (see below), when a general health check was 
performed (BCS, blood analysis and physical examination), and the appearance of their pouch was 
observed. Pouches were given a score of 1-9 based on the STDP Standard Operating Procedure (1, 
immature; 2, pinkish, dry; 3, some oil, red; 4, lipstick ring, oil drops, puffy; 5-6, postovulatory; 7-9, 
pouch young/lactation); see Fig. 1 Cope et al. (2018a) or Chapter 3, Fig. 3.1. Pouch appearance is a 
reliable reflection of the reproductive status of devils (Hesterman et al. 2008a). As part of the general 
health check, blood samples were taken at the time of the GnRH challenge and sent to the DPIPWE 
Animal Health Laboratory for quarterly complete blood count (CBC) analysis, and for annual blood 
chemistry analysis. 
Ethics statement 
All animal care and welfare standards were followed according to those outlined by the University of 
Sydney Animal Ethics Committee, the Save the Tasmanian Devil Program Standard Operating 
Procedures and the Prevention of Cruelty to Animals Act (1979). Appropriate measures were used to 
minimise pain or discomfort to the animals. 
GnRH agonist implant 
The contraceptive used in this study was the Suprelorin implant (Virbac [Australia] Pty Ltd., Milperra, 
NSW, Australia), which contains 4.7 mg of the GnRH agonist deslorelin (ᴅ-Trp6-Pro9-des-gly10-GnRH 
ethylamide). The implant is a solid cylinder of 2.3 mm diameter by 12.5 mm length and weighing 50 
mg. Pilot study males and females received one 4.7 mg implant subcutaneously, lateral to the scapula 
to allow differentiation from the microchip on palpation. Control animals in the pilot study received 
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placebo implants.  LD and HD females in the dose-response study received one and two subcutaneous 
implants, respectively. Control females in the dose-response study received the same handling 
procedures but did not receive any injection. 
GnRH challenge 
Dose-response study 
Immediately following immobilisation, a 6 mL blood sample was taken from the jugular vein for 
baseline LH concentration (Time 0) and CBC analysis. The devil was then catheterised (22Gx1” Surflo 
I.V. Catheter, Terumo) in the saphenous vein for the injection of synthetic GnRH (2 µg kg-1 Fertagyl for 
first two challenges, then increased to 4 µg kg-1 from July 2015 onwards; Intervet, Sydney, NSW, 
Australia) made up to a 1 mL injection by mixing with 0.9% sterile saline. The synthetic GnRH dose was 
increased after preliminary analysis of April 2015 samples to ensure that the LH response was 
sufficiently stimulated. Subsequent samples were taken from the catheter 15 and 30 minutes (T15 
and T30) following the GnRH injection, based on previous studies on tammar wallabies (Herbert et al. 
2004b; Herbert et al. 2007; Herbert et al. 2013). The catheter was kept patent between samples with 
heparinised saline (100 IU/mL in 0.9% sterile saline; DBL™ Heparin Sodium Injection BP, Hospira).  
Samples were transferred into 5 mL lithium heparin vacutainer tubes (BD, Plymouth, UK) for 
centrifugation at 3,000 rpm for 10 min. Serum was poured off into 1.5 mL Eppendorf tubes and stored 
at -20°C until analysis. 
Hormone assays 
Faecal samples were processed and steroid hormones extracted using a methanol extraction protocol 
as described in Keeley et al. (2012b). Standards and samples were run in duplicate using 96-well 
microtitre plates for hormone analysis by enzyme-immunoassay (EIA). These EIAs were all validated 
for Tasmanian devils by demonstrating parallelism between the standard curve and a serially diluted 
pool of samples. 
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Faecal testosterone assay (pilot study) 
Faecal testosterone concentrations in sample extracts were quantified by EIA using polyclonal 
antiserum (testosterone, R156/7) and horseradish peroxidase-conjugated label (both provided by C. 
Munro, University of California-Davis, Davis, CA, USA). Cross-reactivities for testosterone antibody 
R156/7 have been published previously in Walker et al. (2002). Samples were diluted (between 1:60 
to 1:300) in phosphate buffer before analysis. Assay methods have also been published extensively 
elsewhere, including Keeley et al. (2012a). The inter-assay coefficient of variation (CV) measured from 
the high (162.11 ± 22.96 ng mL-1) and low binding (661.80 ± 23.27 ng mL-1) controls were 14.17% and 
3.52%, respectively. The intra-assay CV was 3.78% and 16.9% from 9 replicates run on the same plate 
of both the high and low binding controls, respectively. These assays were conducted by TWPZ. The 
sensitivity of the assay was 0.039 ng µL-1 (lowest readable standard). 
Faecal progesterone assay (pilot study) 
Faecal progesterone concentrations in sample extracts were quantified using a single antibody or 
double antibody EIA (for assays conducted at TWPZ and the University of Sydney, respectively) on a 
plate coated with goat anti-mouse gamma globulin (GAMG). The progesterone EIA (Pollock et al. 2010) 
used a monoclonal progesterone antibody (1:80,000, CL425; Supplied by UC Davis Endocrinology Lab), 
progesterone horseradish peroxidase conjugated label (1:400,000; Supplied by UC Davis 
Endocrinology Lab) and progesterone standards (0.0156-4 ng/ml; Sigma Aldrich Australia, Ltd.). The 
cross-reactivities of the antibody are published in Keeley et al. (2012b) and Graham et al. (2001). 
Serum and faecal samples analysed at Sydney University had inter-assay CVs of 16.47% and 11.70% 
for low (0.059 ng/g) and high (0.57 ng/g) controls, respectively (n = 12), and the intra-assay CV was 
6.6% for the same sample run 8 times on one plate. Faecal samples analysed at TWPZ had inter-assay 
CVs of 16.17% and 9.67% for low and high controls, respectively (n = 11). The sensitivity of the assay 
was 0.016 ng mL-1 (lowest readable standard). The year 1 pilot study faecal samples were analysed at 
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TWPZ, and the Year 2 samples were analysed at Sydney University. See Supplementary Fig. 2.1 for 
details of inter-lab variation. 
Serum LH assay (dose-response study) 
Serum LH concentrations were measured using a double antibody EIA, previously developed for 
African elephants (Loxodonta Africana; Graham et al. 2002). This assay has also been validated for 
three marsupial species, the western grey kangaroo (Macropus fuliginosus ocydromus) (Matson et al. 
2009), the black-flanked rock wallaby (Petrogale lateralis lateralis) (Matson et al. 2009) and the 
eastern grey kangaroo (Macropus giganteus) (Wilson et al. 2013). The assay used an anti-bovine LH 
monoclonal primary antibody (1:400,000, #518-B7; supplied by J. Roser, University of California, Davis, 
CA, USA), biotin-labelled NIH-ovine LH (1:200,000; NIH-ovine LH supplied by A.F. Parlow, NIDDK 
National Hormone and Pituitary Program, Torrence, CA, USA; biotinylated according to Graham et al. 
2002) and NIH-bovine LH standards (0.156 – 20 ng/ml; also supplied by A.F. Parlow). The anti-bovine 
LH monoclonal primary antibody is specific for LH, yet has very low species specificity (Matteri et al. 
1987). The sensitivity of the assay was 0.156 ng mL-1 (lowest readable standard). The inter-assay 
coefficient of variation measured from the high (7.06 ng mL-1) and low (0.47 ng mL-1) controls were 
6.38% and 7.37%, respectively (n = 3 plates). The intra-assay variation calculated from the average CV 
of all unknowns run in each plate (and averaged over all plates) was 8.5%.  
Data analyses 
Pilot study 
Testes size was compared between treatment groups and between initial and six week measurements 
using restricted maximum likelihood (REML, GenStat, 18th Edition, VSN International). Testosterone 
concentrations were loge transformed to meet assumptions of normality and compared between 
treatment groups and over time using REML (GenStat), reported as mean ± s.e.. Male bodyweight 
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between treatment groups at time of treatment (Dec 2013) and effect of weight on testosterone 
concentrations was compared using general analysis of variance (ANOVA; GenStat). 
The progesterone profiles of each female were analysed to determine if there were significant rises in 
progesterone above the baseline that would be indicative of luteal phases during the breeding season. 
Baseline concentrations for each female were determined using an iterative process, as described by 
Herrick et al. (2010). The mean concentration of all samples from an individual was calculated and all 
samples greater than two standard deviations (2SD) over this mean were removed. This process was 
repeated until no samples had a concentration greater than the mean plus 2SD. The baseline for each 
female was calculated from the mean of the remaining samples. The baseline, the proportion of 
samples with concentrations greater than the baseline plus 2SD (>baseline%), and the highest 
progesterone concentration for each female was calculated and compared between treatment groups 
and years using REML (GenStat), reported as mean ± s.e.. 
Dose-response study 
For the GnRH challenge, the magnitude of LH response at T15 (MagRes15) for each individual was 
calculated as a percent increase from T0 at each challenge. The mean MagRes15 was compared 
between treatment groups over time using REML analysis (GenStat). A Log10 transformation was used 
on the MagRes15 data to meet assumptions of normality. MagRes15 was the response variate, the 
fixed model included the GnRH challenge date and treatment group, and devil name was a random 
model to account for repeated measures on the same individual. The least significant difference (LSD) 
was compared between treatment groups at each GnRH challenge to evaluate group differences. 
In order to assess any differences in LH response to the 2 µg kg-1 and 4 µg kg-1 GnRH dosages, the 
MagRes15 was compared between all devils before and controls after the doubling of the dose with a 
two-sample t-test (GenStat). A two-sample t-test was also used to compare the MagRes15 of control 
females in April versus January, July and October of both years to assess the diminished response. The 
mean age of devils in control versus treated groups was compared using a two-sample t-test (GenStat). 
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REML analysis was also used to compare body weight, proportional change in body weight after 
contraception, cell parameters from the CBC analysis and blood chemistry parameters between 
treatment groups and over time. Challenge date and treatment group were in the fixed model, and 
devil name was included as the random model to account for repeated measures, in each analysis. 
The cell parameters tested include packed cell volume (PCV), red cell count (RCC), mean cell volume, 
haemoglobin (HGB), mean cell Hb, mean cell Hb concentration, corrected white cell count (WCC), 
neutrophils, eosinophil, lymphocytes, monocytes, fibrinogen and plasma protein. Blood chemistry 
parameters included CK, AST, GLDH, GGT, total bilirubin, creatinine, urea, calcium, magnesium, 
phosphate, sodium, potassium, Na/K ratio, chloride, protein, albumin, globulin, and A/G ratio. 
Results 
Pilot study 
There was no change in mean testes size (length, breadth or combined width) in the first six weeks 
post-treatment for treated or placebo animals (combined testes width 6 weeks post-treatment, 33.88 
± 0.82 cm and 32.93 ± 0.82 cm, for treated and placebo animals respectively; p = 0.345). Suprelorin-
treated males had higher mean testosterone concentrations than placebo males overall during the 90 
days post treatment (p = 0.036). There was no significant treatment by time effect (p = 0.155), yet 
Suprelorin-treated males appeared to display an increase in testosterone concentrations post-
treatment, rising from a baseline value of 320 ± 85 ng/g (placebo = 264 ± 104 ng/g) on day 0 to a peak 
of 1919 ± 900 ng/g (placebo = 318 ± 105 ng/g) 18 days post-treatment (Fig. 2.1). At the time of 
treatment, Suprelorin-treated males weighed more than placebo males (p = 0.016; Suprelorin, 9.46 ± 
0.261 kg; placebo, 8.66 ± 0.261 kg), and males housed at Cressy weighed more than those at Taroona 
(p = 0.031; 9.42 ± 0.275 kg and 8.7 ± 0.275, respectively), but there was no effect of body weight on 
testosterone concentrations (p = 0.794). 
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Figure 2.1: Mean ± s.e. faecal testosterone concentrations in Suprelorin-treated (open circle, n = 5) 
and control (closed circle, n = 5) male Tasmanian devils treated in December 2013 (day 0).  
In year 1, none of the Suprelorin-treated females reproduced, and there was no evidence of elevated 
progesterone concentrations in four out of five of these females (Fig. 2.2). One Suprelorin-treated 
female (Helen) showed some behavioural and physiological indications of oestrus (slightly reddened 
and moist pouch, mating behaviour and loss of appetite), with elevated progesterone concentrations 
periodically throughout the breeding season coinciding with periods of behavioural oestrus, as 
detected by keepers. No other Suprelorin-treated females showed any consistent signs of oestrous 
cyclicity. All placebo females showed behavioural evidence of oestrus at the end of February year 1, 
but only one placebo female successfully produced pouch young (Moretti). Four of four remaining 
Suprelorin-treated devils showed signs of oestrous cyclicity during year 2, with progesterone peaks in 
March (first oestrous cycle), and May and/or June (second and/or third oestrous cycles). 
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Placebo year 1 Suprelorin year 1 Suprelorin year 2 
   
   
   
  
 
   
Figure 2.2: Faecal progesterone concentrations (ng/g) in placebo (⚫) and Suprelorin-treated () 
female Tasmanian devils in the pilot study from December 2013 to June 2015. The horizontal grey line 
indicates the baseline progesterone concentration for each individual. 
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There was no difference in baseline progesterone concentrations between year 1 placebo females, 
year 1 Suprelorin-treated females or year 2 Suprelorin-treated females (p = 0.414). In year 1, control 
females had significantly more samples that were elevated above the baseline than Suprelorin-treated 
females (proportion > baseline; p = 0.006; Table 2.1) and the magnitude of these rises in progesterone 
concentration tended to be higher (although not significantly so; p = 0.198) than those observed in 
treated animals. By year 2, treated females had significantly more samples that were elevated above 
the baseline than in the previous year (p = 0.006), with the proportion and mean of values above the 
baseline not significantly different from control animals. The control females tended to have higher 
progesterone peaks than Suprelorin-treated females, particularly in year 1, although this was not 
significant (p = 0.059). 
Table 2.1: Characteristics of faecal progesterone concentration profiles for placebo and Suprelorin-
treated female Tasmanian devils from December 2013 to June 2015, presented as mean ± s.d. 
 Placebo year 1 Suprelorin year 1 Suprelorin year 2 
Baseline (ng/g) 199.1 ± 29.7 A 214.3 ± 50.8 A 171.5 ± 52.0 A 
Proportion > baseline (%) 33.5 ± 4.8 A 15.8 ± 9.5 B 38.3 ± 8.0 A 
Mean of values > 
baseline (ng/g) 
1452.8 ± 630.7 A 743. 9 ± 588.8 A 1327.4 ± 397.4 A 
Greatest concentration 
(ng/g) 
9151.6 ± 4253.0 A 2690.2 ± 4068.0 A 4795.7 ± 529.3 A 
*superscript letters denote significant differences within a row. 
Dose-response study 
GnRH challenge 
All individual control animals showed at least a doubling of LH concentrations 15 minutes post-GnRH 
injection (mean MagRes15 = 5.78 ± 0.99; median = 4.41; range = 2.24 – 19.23), except in the month of 
April in both years. Based on these results for control females, we classified treated individuals as 
having a positive response to GnRH if they had at least a doubling of LH at Time 15 (i.e. MagRes15 > 
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2). The higher Fertagyl dose given from July 2015 did not alter the average responsiveness (t = 0.23; 
d.f. = 19.15; p=0.823), so results were still comparable between all challenges.  
All groups demonstrated a positive response to the GnRH challenge pre-treatment (Jan 2015; Fig. 2.3). 
Control females had a diminished LH response in April of both years compared to all other months (t=-
3.71; d.f. = 19; p = 0.001). Due to this unusual response, both April challenges were disregarded for 
comparisons. From July year 1 to January year 2, the control devils were responsive, while both LD 
and HD females were significantly suppressed (p < 0.001). In July year 2, there was a difference in 
response between all groups, with the LD females having a greater response than HD females, and 
control females having a greater response than others (p < 0.001; Fig. 2.3). In general, more LD than 
HD females demonstrated a positive response, particularly in July year 2 when all LD females were 
responsive (Table 2.2). 
 
Figure 2.3: Mean ± s.e. magnitude of LH response at 15 minutes post-GnRH injection for female 
Tasmanian devils in control (white columns), low dose (grey columns) and high dose (black columns) 
treatment groups at quarterly GnRH challenges. January 2015 is the pre-treatment response. The 
dotted line on the y-axis indicates the threshold for a positive response of MagRes15 > 2. Asterisks 
indicate group means that are statistically different at that GnRH challenge. 
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Table 2.2: Number of female devils (out of the total number tested) with a positive response 
(MagRes15 > 2) to the GnRH challenge in each quarter. 
 
Jan-15 Apr-15 Jul-15 Oct-15 Jan-16 Apr-16 Jul-16 
Control 2/2 2/5 5/5 4/4 4/4 1/4 2/2 
Low dose 5/5 1/5 2/5 2/4 2/4 0/5 5/5 
High dose 5/5 0/5 0/5 0/4 1/4 1/5 0/5 
 
Pouch score 
During April of 2015 (height of the breeding season), 80% of control females had some red oil in their 
pouches (pouch score 3 and 4), indicative of oestrus, while 80% of LD females and 60% of the HD 
females had dry pouches (pouch score 2), indicative of anoestrous. In the breeding season of 2016, 
75% of control females again had oily pouches, but 80% of LD females and HD females also did. During 
the 3rd breeding season one year after this trial, six females still remained at Cressy (several others 
moved to various locations), and all of these, including two HD and four LD females had oily pouches 
and/or developed dandruff (another sign of oestrus). 
Weight 
There was an interactive effect of treatment group and date on average body weight (p = 0.007), with 
HD females tending to weigh more than control females (Fig. 2.4a). Differences between group means 
were compared against the LSD at each month to show that, prior to contraception, there was no 
difference between groups apart from December 2014 and January 2015 where the HD females 
weighed more than the control females (8.4 ± 0.56 kg versus 6.9 ± 0.56 kg; 8.6 ± 0.56 kg versus 6.7 ± 
0.56 kg, respectively). Following contraception, HD mean weights were greater than control mean 
weights from April 2015 through to April 2016. The LD females were heavier than control females only 
in April and July of 2015, and HD females were heavier than LD only in April 2016 (8.5 ± 0.56 kg and 
7.2 ± 0.56 kg, respectively). 
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Due to the difference in weights between HD and control females being present for two months 
before contraceptive treatment, the proportional change in body weight following contraception was 
assessed. There was no effect of contraception (p = 0.81), but there was a difference between time 
points (p < 0.001, Fig. 2.4b).  
a) 
 
b) 
 
Figure 2.4: Mean ± s.e. body weight of female Tasmanian devils in control (), low dose () and high 
dose (◼) treatment groups, presented as, a) weight (kg), and b) proportion change in body weight 
from previous GnRH challenge. The vertical dashed lines indicate when the contraceptives were 
implanted. The horizontal dashed line in b) represents the baseline value of one. 
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General health - Complete blood count analysis 
There were significant differences over time for all cell parameters (PCV, RCC, mean cell volume, HGB, 
mean cell Hb, mean cell Hb concentration, eosinophil and lymphocytes, p < 0.001; neutrophils, p = 
0.029) apart from corrected WCC, monocytes, fibrinogen and plasma protein, but there was no 
seasonal pattern. There was also a significant effect of treatment on PCV (p = 0.033), RCC (p = 0.005) 
and HGB (p = 0.039). PCV, RCC and HGB were significantly different between HD and control females; 
but LD females did not differ significantly from either control or HD females (see Supplementary Table 
2.1). All mean cell parameters for treatment groups and challenge dates were within the normal range 
for Tasmanian devils (Peck et al. 2015; Hope & Peck 2016). 
General health - Blood chemistry 
There was an interactive effect of treatment by year on Na/K ratio (p = 0.002), potassium (p < 0.001) 
and albumin (p = 0.04) in the blood. From 2015 to 2016: control females had increased Na/K ratio 
while LD and HD females remained fairly stable; control females had decreased potassium 
concentrations while LD and HD females remained fairly stable; and LD and control females had 
decreased albumin levels more so than HD females (see Supplementary Table 2.1). The HD and control 
females were above the reported normal range for potassium in 2015 (Peck et al. 2015), but otherwise 
the Na/K ratio, potassium and albumin were all within the normal range. There was no difference in 
any other blood chemistry parameters between treatment groups or years, and all groups were within 
the normal range. 
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Discussion 
From the pilot study, it was clear that Suprelorin implants are biologically active in Tasmanian devils. 
However, they caused an increase in testosterone for males, and for this reason the implants have not 
been studied further in males as they are unlikely to be useful in controlling aggressive behaviour as 
intended (Asa & Porton 2005; Soma 2006). In females, Suprelorin implants inhibited oestrous cyclicity 
in 80% (4 of 5) of the study devils for one year, as evidenced by the reduced number of progesterone 
peaks. It is possible that the 4.7 mg dosage used in the pilot trial is close to the threshold required to 
inhibit fertility in devils, resulting in the incomplete suppression seen in one female in the study. There 
is also evidence in many species that individual responses to contraceptives differ (Herbert et al. 2005; 
Herbert et al. 2010; Kauffold et al. 2010; Goericke-Pesch et al. 2013; Cowan et al. 2014; Fontaine 
2015), as shown by the LD devils with positive LH responses in 2015. It is also possible that the implant 
fell out or was broken during insertion if guidelines for administration were not carefully followed 
(AZA RMC 2018) and therefore the GnRH agonist was absent or depleted at a greater rate.  
The paradoxical increase in testosterone seen in the male devils is rare, but not unprecedented, with 
similar responses observed in bulls (Bos taurus) and red deer (Cervus elaphus) (Lincoln 1987; D'Occhio 
& Aspden 1996). In males, there are a range of different species-specific responses to deslorelin, 
including the reduction of testosterone and suppression of reproduction in dogs (Canis lupus 
familiaris) (Trigg et al. 2001), domestic cats (Felis catus) (Goericke-Pesch et al. 2011), boars (Sus scrofa 
domesticus) (Kauffold et al. 2010), flying foxes (Pteropus alecto) (Melville et al. 2012) and rabbits 
(Oryctolagus cuniculus) (Arlt et al. 2010), and having no effect on male tammar wallabies 
(Notamacropus eugenii) (Herbert et al. 2004b), marmosets (Callithrix jacchus) (Lunn et al. 1990; Lunn 
et al. 1992) and some bulls (Melson et al. 1986; Ronayne et al. 1993; Bergfeld et al. 1996). The increase 
in testosterone in devils is not likely to be a result of the initial stimulatory acute phase, as this has 
been reported to occur within 24 – 48 hours in a range of species (e.g. domestic cats, Goericke-Pesch 
et al. (2011); dogs, Junaidi et al. (2003)), including two other marsupials, the tammar wallaby (Herbert 
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et al. 2004b) and brushtail possum (Trichosurus vulpecula) (Eymann et al. 2007). In devils, the increase 
in testosterone occurred much later, after 18 days, and there was no clear rapid decline seen within 
90 days, indicating that increased testosterone concentrations may be a general effect of Suprelorin 
in this species. In other species, testosterone concentrations dropped to undetectable levels after 
three weeks (e.g. dogs) (Junaidi et al. 2003). Similar trends were observed for testis size. Tomcats’ 
testes volume was reduced by 25% by week 4 and 60% by week 12 following Suprelorin treatment 
(Goericke-Pesch et al. 2011), whereas there was no change in testes size in devils by week 6 post-
treatment.  
In other male marsupial species, testosterone concentrations generally have not been affected by 
Suprelorin, regardless of the dose administered (e.g. tammar wallabies were not suppressed, despite 
receiving up to 20 mg of Suprelorin (Herbert et al. 2004b)). Trials on small numbers of eastern grey 
kangaroos and koalas (n = 2 each) similarly show a lack of decline in testosterone post-treatment 
(Herbert 2002). In brushtail possums there is some evidence of a decline in testosterone, but 
concentrations remain detectable, testis size does not decline and fertility is maintained (Eymann et 
al. 2007). As such, it seems that males of most marsupial species are resistant to the anti-reproductive 
effects of Suprelorin treatment. GnRH agonist treatment is therefore unlikely to be effective in 
reducing aggressive interactions in this subclass of mammals, as aggression is usually driven by 
testosterone concentrations (Delville et al. 1996; Soma 2006). 
Suprelorin implants suppressed reproduction of females in the first year of treatment, with a partial 
recovery of oestrous cycles in the second year, as evidenced by fluctuating progesterone 
concentrations indicative of luteal activity. The proportion of samples above baseline (>baseline%) 
and mean maximum peak for progesterone shows that the Suprelorin-treated females in year 2 were 
intermediate between control females and Suprelorin-treated females in year 1, suggesting the onset 
of recovery.  Yet, it is important to acknowledge that the sampling frequency of three times per week, 
along with variable changes between individuals in progesterone concentrations during the 12 day 
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luteal phase, may have an influence on these results. Analysis from placebo females in year 2 would 
have been useful but was not possible for operational reasons at the housing locations. Control 
females showed clear evidence of luteal activity and behavioural signs of oestrous. However, only one 
control female produced pouch young, and this is likely due to the lower breeding rates of Tasmanian 
devils in intensively housed conditions (Farquharson et al. 2017). The two to three oestrous peaks 
expressed by the Suprelorin-treated devils in year 2 coincide with the three oestrous cycles that devils 
are capable of exhibiting during a breeding season (Keeley et al. 2012b), but the peaks did not reach 
the same magnitude as the controls in year 1. Again, this may be influenced by sample frequency or 
individual variation. The progesterone baseline concentration was not different between any 
treatment group, or year, indicating that contraception does not completely suppress progesterone.  
Doubling the contraceptive dosage had an increased effect on contraceptive duration, with more of 
the HD females being continuously suppressed and remaining suppressed after the second breeding 
season, than low dose females. This reflects the findings from Junaidi et al. (2009) who demonstrated 
a relationship between dose of deslorelin and duration of reproductive suppression in male dogs, with 
a 6mg dose causing complete suppression for 419 ± 72 days, and a 12 mg dose for 607 ± 69 days. As 
our study did not continue past July 2016 and hormonal competence was only tested at quarterly 
intervals, an analysis of contraceptive duration measured in days was not statistically appropriate. Yet, 
based on the comparison in July 2016, the higher dose appears to have a continued effect after the 
second breeding season. 
Of the five devils given a low dose contraceptive (4.7 mg), three (Emerald, Bangles and Breezy; aged 
three, four and four in March year 1, respectively) were often responsive to the GnRH challenge post-
treatment, but to a lesser magnitude than their baseline in January year 1. The other two (Elle and 
Molly; aged three and four in March year 1, respectively) were suppressed up until July year 2, when 
all low dose devils responded to the GnRH challenge. None of the high dose devils showed a response 
to GnRH in the first year. Although one individual showed a positive response in early year 2, the 
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overall magnitude of response in high-dose devils in year 2 was significantly smaller than control 
animals (January and July 2016) and low dose animals (July 2016). This highlights the longer period of 
action of the higher dosage of Suprelorin in this species, which was still effective at the end of two 
breeding seasons. Due to the necessary relocation and age of devils, it was not possible to continue 
GnRH challenges into a third breeding season, but the oily pouches of those few remaining at the 
research facility suggests a return to oestrous cyclicity in the third season after treatment. Future 
research should assess the potential for successful breeding after contraceptive reversal, as it was not 
possible in this study.  
Control animals showed reduced responsiveness to the GnRH challenge in April of both years. The 
year 1 April results initially led us to believe that the synthetic GnRH dosage may have been insufficient 
to stimulate all individuals, but the recurrence of this reduced responsiveness in April of year 2 
suggests it may be a seasonal artefact. The peak breeding season usually occurs in March, and so devils 
would be expected to have a positive response to the GnRH challenge as they are reproductively 
active. However, it is possible that LH stores could become depleted depending on the stage of the 
luteal phase for individual animals. In humans, magnitude of response to GnRH stimulation varies with 
stage of the menstrual cycle, although a significant positive response is seen at all stages of the cycle 
(Nillius & Wide 1972; Yen et al. 1972). We hypothesise that the reduced responsiveness in April of 
both years may be a combination of the stage of the oestrous cycle and the reduced sensitivity of a 
cross-species LH assay. Ideally we would have compared progesterone concentrations for these 
control females with their LH response to further evaluate this hypothesis, but the infrequent sample 
collection (quarterly) means that data on cyclical changes in progesterone are not obtainable. 
From the GnRH challenge results, it is clear that there is a great deal of individual variation in 
contraceptive efficacy and duration. This reflects the findings of previous studies on GnRH agonist 
contraceptives (Asa 2005a; Herbert et al. 2010; AZA RMC 2016). There was no difference in magnitude 
of suppression caused by the high or low dose contraception, yet there is evidence that the low dose 
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began to reverse earlier than the high dose. The fact that some low dose females showed small 
responses to GnRH challenges in year 1, combined with the pilot study results in which one female 
showed some evidence of luteal activity and oestrus behaviour, suggests that 4.7 mg may be close to 
the threshold required to inhibit reproduction in this species.  The greater number of females in both 
low and high dose groups with oily pouches in April year 2 indicates a reduction in the contraceptive 
effect and a return to oestrous cycles (Hesterman et al. 2008a). Emerald (low dose) and Miranda (high 
dose) both had dry pouches in April year 2, and neither were responsive to GnRH, indicating that they 
were still reproductively suppressed. Miranda remained this way into July year 2, while Emerald’s 
pouch became oily and she responded to GnRH. These individuals highlight the different reversal times 
of the two dosages. The pouch observations in April year 3 suggest that females on both dosages had 
resumed oestrous cycles by the third breeding season after treatment, but it cannot be verified 
whether these cycles would result in conception. 
Body weight measurements during the study period indicated that the high dose females were heavier 
than controls, and that this trend began two months prior to contraception. Yet, looking at the 
proportional change in body weight after contraception, there is no difference between treatment 
groups at each time point, meaning that all groups gained or lost weight similarly. From these results 
it is hard to discern whether treatment had an effect on weight. Body weight in high dose animals was 
already increasing at the time of treatment, and because of this these animals were prescribed a 
different diet (B or C diet); hence, differences in diet may have masked a treatment effect. Body weight 
is being affected by prescribed diets aimed at maintaining an optimal body condition, and these diet 
allocations are based on body condition, so the two variates are intermeshed and trends should not 
be assessed alone. Other research on Tasmanian devils in free-ranging enclosures showed that there 
was no difference in overall weight between females on 4.7 mg Suprelorin implants (referred to as 
low dose in our study) and controls (Cope et al. 2018a). As such, if there is a treatment effect on 
weight, it may only be evident in intensively housed devils and in these situations it can be managed 
with changes to diet.  
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There were some significant differences in various blood parameters between treatment and control 
animals, especially between control and high dose devils, but the biological significance, if any, is 
unknown. High dose females had significantly higher PCV, RCC and HGB. This trend was also observed 
in low dose animals (although not significantly so), and hence this may be a dose-dependent treatment 
effect. Although raised PCV, RCC and HGB are signs of dehydration in animals (Mason & Harman 2002), 
this is unlikely to be the cause as the total plasma protein levels were normal. A relative polycythaemia 
like this can be seen after a stressful event due to catecholamine release, leading to splenic 
contraction. Yet, it is unclear how or why the treatment may have caused this. Human females treated 
with leuprolide acetate (another type of GnRH agonist) before uterine surgery also had increased HGB 
and haematocrit (PCV) levels (Friedman et al. 1991; Stovall et al. 1995; Stewart 2001), and as such 
these changes may be a general effect of chronic GnRH agonist treatment in females. These effects 
may be related to the way that oestrogen and progesterone influence the hormonal and neural 
systems controlling fluid regulation (Stachenfeld 2014). Oestradiol in women increases plasma volume 
by altering homeostatic set points for body fluid regulation (Stachenfeld 2008), so perhaps in the 
devils, the lack of oestrogen is reducing plasma volume and thereby increasing packed cell volume. 
The cause for the increase in PCV, RCC and HGB is not directly apparent in the devils, but changes in 
reproductive hormone levels might be a contributing factor. 
Contraception appeared to cause some changes in blood chemistry, with high dose females having 
elevated albumin and potassium concentrations relative to controls. Similar changes have been 
reported in contracepted white-tailed deer (Miller et al. 2001; Curtis et al. 2007), including in those 
immunised against GnRH (Gionfriddo et al. 2011). It is possible that changes in reproductive hormones 
and resultant changes in fluid regulation may contribute to these changes also. While these changes 
to blood biochemistry and haematology are of note, it should also be emphasised that the values 
reported were all either within the reported normal range for Tasmanian devils (Peck et al. 2015), or 
values were similar between control and treated animals. 
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Management implications 
The dose-response study has shown that Suprelorin implants are effective in female Tasmanian devils 
for up to two breeding seasons with dose-dependent effects on contraceptive duration, some blood 
parameters and possibly body weight. The dose-response effect is not a one to one ratio, but the high 
dosage (2 x 4.7 mg) implants had an emphasised effect on several factors over the low dose (1 x 4.7 
mg) implants. 
The reproductive life-span of Tasmanian devils is limited compared to many species (three breeding 
years). Thus, to ensure timely reversibility, we would recommend the use of a single 4.7 mg implant 
(low dose) for selective contraception of female Tasmanian devils in most cases. For those instances 
where no further breeding will ever be required of a female, or absolute confidence in the 
contraceptive efficacy of the implant is required, two 4.7 mg implants should be administered. As this 
study was looking at the effects of dosage, we used two implants rather than the marketed 9.4 mg 
implant, as it is developed in a different matrix which would have added another variable. Future 
research should investigate the contraceptive duration of 9.4 mg Suprelorin implants in female 
Tasmanian devils. At this stage, no free-ranging devils have been given two 4.7 mg implants or the 9.4 
mg implant, and it would be beneficial to understand the effects on weight in the wild. Further studies 
should focus on the reversibility of Suprelorin in Tasmanian devils, as evidenced by successful births 
post treatment. When used in conjunction with recent advancements in genomic technology and 
metapopulation management, contraception can safely be used to reach multiple management goals 
to support a sustainable effort to save the Tasmanian devil (Hogg et al. 2017a). 
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Supplementary  
Inter-lab variation 
Nine samples from a female control devil were originally analysed at TWPZ for faecal progesterone in 
2014 and re- analysed (including faecal extraction from stored dry scats) at Sydney University in 2017 
to evaluate the inter-lab variation. The average CV between labs for each sample was 29.12%, and 
there was a strong correlation between labs (R2 = 0.93, Slope = 0.995; Supplementary Fig. 2.1). The 
variation between labs may be accounted for by the slightly different protocol used for the EIA (single 
versus double antibody). 
 
Supplementary Figure 2.1: Progesterone concentrations (ng/g) of samples from one female 
Tasmanian devil extracted and analysed at Taronga Western Plains Zoo in 2014, then again at the 
University of Sydney in 2017. Trend line equation: y = 0.995x + 393.52, R² = 0.9307  
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General health analysis 
Supplementary Table 2.1: Mean general health results for female Tasmanian devils in treatment 
groups control, low dose and high dose, with standard error presented in the bottom row. 
  Quarterly CBC (2015-2016) Annual blood chemistry (July 2015 and 2016) 
  
PCV 
(%)* 
RCC  
(x 10 
^12 L-1)* 
HGB 
(g/L)* 
Na/K ratio* 
Potassium 
(mmol/L)* 
Albumin (g/L)* 
    2015 2016 2015 2016 2015 2016 
Control 44.07A 6.39A 150.30A 13.25A 25.62B 10.60A 5.86C 35.62A 32.14B 
Low dose 45.82AB 6.64AB 155.40AB 17.71A 19.60A 8.08BD 7.38CD 35.88A 31.80B 
High dose 47.39B 6.95B 160.70B 14.42A 16.20A 9.78AB 9.28ABD 36.29A 35.02A 
S.E. 1.18 0.15 3.81 2.16 2.16 0.86 0.86 0.94 0.94 
*significant differences within columns marked by an asterisk are denoted by superscripts. 
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CHAPTER 3: EFFECTS OF DESLORELIN IMPLANTS ON REPRODUCTION AND 
FEEDING BEHAVIOUR IN TASMANIAN DEVILS (SARCOPHILUS HARRISII) HOUSED 
IN FREE-RANGE ENCLOSURES 
3.1 BACKGROUND 
The research presented in the following chapter comprises the manuscript published in the journal, 
Theriogenology. This study aimed to build upon the research presented in Chapter 2, by assessing the 
efficacy and potential side effects of the deslorelin contraceptive implant in a more natural 
environment, with mixed sex groups of Tasmanian devils in free-range enclosures. Unlike the devils in 
Chapter 2, females had access to males, and therefore the contraception was being assessed based 
on its ability to prevent the production of pouch young, rather than suppression of reproductive 
hormones. 
3.2 MAIN ARTICLE 
Effects of deslorelin implants on reproduction and feeding behaviour in Tasmanian devils 
(Sarcophilus harrisii) housed in free-range enclosures 
Holly R. Cope1, Carolyn J. Hogg1,2, Karen Fagg3, Olivia Barnard3, Peter J. White4, Catherine A. Herbert1* 
1. The University of Sydney, Faculty of Science, SOLES, J.D. Stewart Building B01, Camperdown, 
2006, NSW, Australia 
2. Zoo and Aquarium Association Australasia, Mosman, NSW, 2088 
3. Save the Tasmanian Devil Program, Captive Management and Translocation Section, Wildlife 
Management Branch, Department of Primary Industries, Parks, Water and Environment 
4. The University of Sydney, Faculty of Science, SSVS, R.M.C. Gunn Building B19, Camperdown, 
2006, NSW, Australia 
*Corresponding author. 
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Abstract 
In captive breeding programs, it is becoming increasingly important to maximise the retention of 
genetic diversity by managing the reproductive contribution of each individual, which can be 
facilitated through the use of selective contraception. This becomes critical when captive populations 
are held for several generations, and managers must prevent the confines of housing space and 
financial support from compromising genetic integrity. For example, the Tasmanian devil insurance 
population, established in 2006, is strategically managed to equalise founder representation. This 
becomes difficult when devils are housed in large groups in free-range enclosures (FREs). This study 
examined the efficacy, duration and potential side effects of Suprelorin contraceptive implants 
(containing 4.7 mg of deslorelin) on Tasmanian devils housed in FREs. Females were monitored to 
assess post-treatment reproductive rates, feeding behaviour and weight changes. Suprelorin 
successfully prevented reproduction in all treated females (p < 0.001) for at least one breeding season. 
For one year after contraception, there was no difference in proportion of time spent feeding between 
contraception and control groups (p > 0.05) and there was no effect of contraception on order of 
arrival at food (p = 0.632), suggesting no alterations to social structure. Devils with pouch young spent 
more time feeding than those without (p < 0.001). Treatment and month had an interactive effect on 
weight (p < 0.001), yet contracepted females were only heavier than controls in one season, indicating 
no overall excessive weight gain. Suprelorin implants inhibit reproduction for at least one breeding 
season, with no apparent negative effects on feeding behaviour or social dynamic. Selective 
contraception has the potential to become an important tool for conservation managers, to meet 
multiple reproductive, genetic and behavioural goals for this species. 
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Introduction 
Selective contraception has been used for the management of reproduction and genetic integrity of 
captive populations for a number of years (Asa & Porton 2005) and is now becoming a useful tool for 
wildlife conservation managers (Penfold et al. 2014; Cope et al. 2018b). Successful wildlife 
conservation programs involving reintroduction require a multi-faceted approach, in terms of both 
research and management. These programs have a relatively poor track record characterised by high 
failure rates (Sutton 2015). Oftentimes this has been attributed to a lack of biological data, inherent 
weaknesses in the reintroduction population or site, and more recently, failures in management and 
organisational performance (Sutton & Lopez 2014; Sutton 2015). We believe that using contraception 
as a tool to maximise genetic diversity and maintain wild behaviours in an insurance population will 
enhance the health and capability of individuals to successfully repopulate the wild, while also 
facilitating the maintenance of sustainable captive populations (Cope et al. 2018b). 
In an effort to save the Tasmanian devil from the threat posed by the mostly lethal Devil Facial Tumour 
Disease (DFTD), an insurance population was established in 2006 by the Save the Tasmanian Devil 
Program (STDP) in partnership with the Zoo and Aquarium Association, Australasia (ZAA) (Hogg et al. 
2017a). To promote behavioural and reproductive integrity, some devils in the insurance population 
are housed in mixed sex groups in free range enclosures (FREs, 11 - 22 ha) at a density of 0.9 - 1.3 
devils/ha (Hogg & Lee 2014). This insurance population uses a traditional species management 
approach (Ballou et al. 2010), whereby mean kinship is used to determine optimal pairings for 
equalising founder representation. Resources are prioritised towards more genetically valuable 
offspring by only breeding individuals with low mean kinship values. The use of selective contraception 
therefore allows managers to control breeding at an individual level, even when individuals with 
different breeding recommendations are held in mixed sex group housing. This is the first time that 
contraception has been used as a means of managing breeding in Tasmanian devils housed in free 
range enclosures. 
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A recent review on the use of fertility control to manage the genetic integrity of conservation-
dependent species in captive breeding programs suggested a step-by-step approach to the 
implementation of fertility control programs (Cope et al. 2018b). Among the key considerations were 
the choice of a reversible agent with a likely contraceptive duration of  half the reproductive life-
span of the species, along with demonstrations of safety and efficacy in the target species. In line with 
these recommendations, slow release Suprelorin implants, containing the gonadotrophin releasing 
hormone (GnRH) agonist deslorelin, have been chosen because of their demonstrated capacity to 
reversibly induce contraception in several other marsupial species without any apparent side effects 
(Adderton Herbert 2004; Herbert et al. 2005; Eymann et al. 2007; Wilson et al. 2013). Yet, there is 
great variability between species (Asa & Porton 2005), so it is important to determine contraceptive 
duration and efficacy, and establish if there are any potential side effects that may impact animal 
welfare, especially in a threatened species. As such, this study aimed to determine the rate of 
successful contraception over 1-2 breeding seasons, and whether treatment had any effect on female 
feeding behaviour (order of arrival at a feed station and time spent feeding) or body weight. This 
information is important for making informed management decisions and breeding recommendations 
into the future. 
Materials and methods 
Animals 
Female Tasmanian devils in this study were housed in free-range enclosures as part of the Department 
of Primary Industries, Parks, Water and Environment (DPIPWE)-ZAA Tasmanian Devil Insurance 
Population. Animals included in the study were sexually mature as shown by their recorded, or 
estimated, age (year of birth ranging from 2011 to 2013). Age was estimated for wild born devils using 
tooth measurements as per Guiler and Heddle (1974). Animals were selected for the enclosures based 
on their mean kinship values and the need for certain individuals in the insurance population to breed 
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in any given year, based on annual breeding recommendations provided by ZAA (Hogg & Srb 2015, 
2016). 
Individuals were identified through their microchip transponder (Allflex, Australia) when handled and 
from their unique markings (Eisenberg et al. 1975; Buchmann & Guiler 1977) on camera footage. STDP 
staff used camera traps to monitor the health of the devils with limited human interaction, and fed 
them twice weekly with mostly brush-tailed possum (Trichosurus vulpecula) and Bennett's wallaby 
(Macropus rufogriseus) carcasses. The devils are largely left to behave naturally, apart from quarterly 
trapping for health checks (see details below). 
Study sites 
Tasmanian devils in this study were housed in mixed sex groups in 22 ha FREs at Freycinet 
(42°03'54.0"S 148°12'15.6"E) and Bridport (41°01'47.8"S 147°13'45.0"E) in Tasmania, Australia. Both 
have a cool climate with a yearly average maximum temperature of around 18 °C and minimum of 
around 9 °C, and yearly rainfall average of 593.3 mm and 763.4 mm for Freycinet and Bridport, 
respectively (Bureau of Meterology 2017). The enclosures are surrounded by devil-proof, wombat-
proof double fencing and built upon properties donated to the STDP. They include native vegetation 
and a small number of native animals including the common wombat (Vombatus ursinus), Bennett's 
wallabies and Forester kangaroos (Macropus giganteus tasmaniensis) which were present when the 
fence was built. 
Experimental design 
Nineteen females were housed in the FREs located at Freycinet (n = 11) and Bridport (n = 8). Female 
devils were allocated to a treatment group (receiving a 4.7 mg implant; n = 7) or a control group 
(receiving the same handling but no injection or implant; n = 12) based on annual breeding 
recommendations (Hogg & Srb 2015). Contraceptive implants were administered in January 2015 to 
n = 3 in Freycinet and n = 4 in Bridport. The devils received a general health and pouch check at the 
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time of treatment, with continued trapping and reproductive status monitoring (by physical pouch 
check) every three months throughout 2015 to determine the contraceptive efficacy. Three treated 
and one control female from this study, and four other females, remained in the Bridport FRE in 2016 
with access to males (Hogg & Srb 2015). No males were housed with the females in the Freycinet FRE 
in 2016 so there was no reproductive output data for the second breeding season. 
To examine the effect of contraception on feeding behaviour, the time spent feeding and order of 
arrival at the feed station (monitored with a camera trap) was compared between the two treatment 
groups at both sites, for one year post-treatment. Up to two additional females were present in the 
FREs in 2015 and were included as controls (only for feeding behaviour analysis). All treated animals 
were present in the Bridport FRE in the previous year (2014), facilitating a comparison of before and 
after treatment behaviour (See Table 3.1). Females allocated to the contraception group are referred 
to as ‘contracepted’ or ‘treated’ females in the year pre-treatment, although they were yet to receive 
implants. Each year was broken up into reproductive stages of: 1. January to February (Pre 
breeding/previous young weaned), 2. March to June (Oestrus/small pouch young), 3. July to August 
(Large pouch young), and 4. September to November (Young in the den) (Pemberton 1990). Camera 
footage was analysed from four one week samples in each of the four reproductive stages from a 
randomly selected feeding station. If a camera from Bridport FRE did not provide a minimum of 40 
feeding events and/or 4 h of total feeding time, then footage from a second camera was also analysed 
for that week. All available cameras in Freycinet FRE were analysed to reach a minimum of 20 feeding 
events and/or 2.5 h total feeding time per week. This gave an average of 271.3 ± 27.7 and 207.7 ± 30.6 
feeding events, and 32 h 53 min ± 3hr 38min and 30 h 25 min ± 3hr 11min total feeding time for 
Bridport and Freycinet FRE, respectively, per reproductive stage. Video footage was only collected for 
the periods when all of the treated devils were housed in the enclosures, yet the number of controls 
was variable (see Table 3.1). 
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Table 3.1: Depiction of the sampling periods for video footage from cameras set up in free-range 
enclosures (FREs). Sample size is indicated in shaded boxes for each reproductive stage for which data 
was collected. Treated females received Suprelorin implants in January 2015. 
  2014 2015 
Reproductive 
Stage 1st  2nd 3rd  4th  1st  2nd  3rd  4th  
Bridport FRE 
(total 
individuals) 
 13♀, 10♂ 13♀, 10♂ 12♀, 12♂ 
16♀, 
8♂ 
8♀, 7♂ 9♀, 7♂ 9♀, 5♂ 
Bridport FRE 
contraception 
group  
    4♀ 4♀ 4♀ 4♀ 
Freycinet FRE 
(total 
individuals) 
     12♀, 7♂ 12♀, 7♂ 
10♀, 
7♂ 
Freycinet FRE 
contraception 
group 
     3♀ 3♀ 3♀ 
 
GnRH agonist implant 
Suprelorin contraceptive implants (Virbac (Australia) Pty Ltd, Milperra, NSW, Australia) were used in 
this study and contain 4.7 mg of the GnRH agonist deslorelin (D-Trp6-Pro9-des-gly10-GnRH 
ethylamide). The implant is an opaque, white to pale yellow solid cylinder of 2.3 mm diameter by 12.5 
mm length and weighs 50 mg. Female Tasmanian devils received one implant by subcutaneous 
injection just to the right of the shoulder blades (to avoid confusion with the microchip on palpation) 
while being restrained in a hessian sack. Females in the control group received the same handling 
treatment minus an injection or implant. 
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Animal capture, handling and data collection 
All animal capture and handling was undertaken by the STDP staff for management purposes and 
quarterly health checks. Baited pipe traps specially designed for Tasmanian devils were set up 
overnight and checked the following morning. Devils were transferred into hessian sacks and weighed 
with spring hanging scales. Trained staff then checked their microchip number, took morphometric 
measurements and performed a physical health check. The devils were carefully restrained so that 
their pouch, teats and pouch young (if present) could be checked. The pouch appearance was given a 
score based on appearance (Fig. 3.1), reflecting the reproductive stage of the devil as per the STDP 
Standard Operating Procedure, modified from Hesterman et al. (2008a) (See Table 3.2).  
Motion activated camera traps (KeepGuard KG680V, KeepTime Industrial (Asia) Co., LTD, Hong Kong) 
were set at several locations within the enclosure each week throughout 2014 and 2015, as part of 
the STDP general monitoring system. This was used to remotely check that all devils were present and 
observe any changes or serious injuries requiring veterinary attention. In the Bridport FRE up to 5 
motion detection cameras were set on separate feed stations each week, with one being set to record 
10 s videos and the rest set to take two images every 10 s. In the Freycinet FRE two cameras were set 
on one or two feed stations with one recording video and the other taking images, in the same format 
as at the Bridport FRE. 
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Figure 3.1: Images of Tasmanian devil pouches reflecting various reproductive stages: a) score 2, 
pinkish, dry - contracepted pouches give this appearance; b) score 4, lipstick ring and red oil drops - 
indicative of oestrus (Hesterman et al. 2008a); c) score 7, pouch young; and d) score 9, post-
reproductive.  
b) a) 
c) d) 
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Table 3.2: Percentage of individuals with each pouch score for both treatment groups at each trapping trip. Pouches were scored as per Hesterman et al. 
(2008a). The two scores: Pinkish, dry (score 2) and Pouch young (score 7) have been bolded to indicate an inactive or a reproductive pouch, respectively, 
which are two ends of the spectrum of adult pouch activity. Scores 3 to 6 and 8 to 9 can be considered transitional phases between these two end points. 
Representative images of pouch score 2, 4, 7 and 9 are provided in Fig. 3.1. 
Pouch 
score 
Pouch 
description 
CONTROL TREATED 
Jan-
15 
Apr- 
15 
Jul- 
15 
Oct- 
15 
Jan- 
16 
Apr- 
16 
Jul- 
16 
Jan- 
15 
Apr- 
15 
Jul- 
15 
Oct- 
15 
Jan- 
16 
Apr- 
16 
Jul-
16 
 Total individuals 12 9 10 9 7 7 5 6 7 7 6 5 5 3 
1 
Immature, 
pale/small 
8%              
2 Pinkish, dry 75%       33% 100% 100% 100% 100% 20%  
3 Some oil, red  11%     80%       100% 
4 
Puffy, lipstick 
ring, oil drops 
  10%   14%       60%  
5 
Postovulatory 
(deep/wet) 
 11%    86%       20%  
6 
Postovulatory 
(milk studs) 
              
7 Pouch young  78% 90%    20%        
8 
Lactating, 
swollen pouch, 
broad teats 
   67% 71%          
9 
Regressing, 
flaccid, lumpy 
pouch 
17%  0 33% 29% 0 0 67%       
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Data analysis 
Reproductive data for each breeding season following treatment were run through a general 
regression analysis with PouchYoung as the response variate (being 1 or 0 for presence or absence of 
young, respectively) and Treatment (contraception or control) as the fitted term (GenStat, 16th 
Edition, VSN International). The regression model was then used to calculate a predicted percentage 
of each treatment group carrying pouch young, reported as prediction ± standard error. 
Utilising the time stamp on the recorded image files, and devil photo identification charts (based on 
unique chest, flank and rump markings), the order of arrival of the first five devils to feed was recorded 
along with each devil's total time spent feeding. The act of an individual devil eating began at the first 
image and ended at the last image where the devil's teeth made contact with the carcass in a single 
visit. A visit is a discrete and uninterrupted time period with the devil in view (devil may go out of sight 
for < 10 s in one visit). Contact with only the snout was not accepted as ‘feeding’ as the devil is more 
likely to be sniffing than biting or ingesting meat. The total time spent feeding during a sampling period 
for every devil, including males, was added together, so that the proportion of time each individual 
spent feeding was calculated from the total. 
Data for time spent eating was transformed by taking the square root to meet assumptions of 
normality. The one-week samples were combined into their appropriate reproductive stages for 
analysis. The proportion of time spent feeding was compared between treated and control females 
using restricted maximum likelihood (REML) analysis with the transformed time spent eating as the 
response variate and devil ID as the random model to account for repeated measures (GenStat, 16th 
Edition, VSN International). Fixed effects were run individually, then a multivariate model was created 
including effects with p < 0.25. The least significant p-values were then removed until only significant 
fixed effects remained. Differences between treatment groups for each reproductive quarter were 
compared against the least significant difference (LSD; 5% level) to determine whether control and 
contracepted females had significantly different proportions of time spent eating. 
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The devils arriving first, and in the top five were compared using generalised linear mixed models 
(GLMM; a form of REML; GenStat, 16th Edition, VSN International). Response variates of Top 5 Arrival 
and First arrival had binomial outcomes, Treatment as the fixed effect, and Devil ID as the random 
model to account for repeated measures. 
The weight of devils was compared between treatment groups using REML (GenStat, 16th Edition, 
VSN International), with weight as the response variate, Treatment, Trapping Date and Pouch Young 
tested as fixed effects and Devil ID as the random model. Differences between treatment groups at 
each trapping month were compared against the LSD (5% level) to determine whether control and 
contracepted females had significantly different weights. 
Results 
Reproductive success 
All of the contracepted females had inactive pouches (score 2) from April 2015 until January 2016, 
before showing signs of some activity (scores 3, 4 and 5) in April and July 2016 (Table 3.2). In 
comparison, control females had a range of pouch scores (1-5 and 7-9) between January 2015 and July 
2016, with mostly inactive pouches (score 2) in January 2015 only. From our data, presence versus 
absence of any number of pouch young (referred to as reproduction rate) was established for each 
individual following each breeding season. There was a significant difference between treatment 
groups after the first breeding season (p < 0.001), with reproductive rates in animals on contraception 
being 0.00 ± 0.08% (n = 7), compared with a 90 ± 0.08% reproductive rate in the controls (n = 10). 
There was no difference in reproductive rate between the two FREs (p = 0.151). None of the three 
contracepted females housed at Bridport in 2016 had pouch young in the second breeding season. 
There was no difference compared with the control devils in 2016 (p = 0.482) of which only 20 ± 0.27% 
had pouch young. 
 
 97 
 
Feeding behaviour 
There was an interactive effect between treatment group and reproductive stage on the proportion 
of total time spent feeding (total time includes males; p = 0.015). Prior to contraception, females 
allocated to the contraception group spent more time feeding during the 2015 pre-breeding period 
than controls (Fig. 3.2a). Although not significantly different, those females also appeared to spend 
more time feeding in the 2014 large pouch young (Jul-Aug) period than controls. There was no 
difference between groups during each stage after contraceptive implants were administered (Fig. 
3.2a). There was a difference in time spent feeding between FREs, with females in Freycinet and 
Bridport spending 5.24 ± 0.32% and 3.67 ± 0.32%, respectively, of the total time feeding (p = 0.035). 
There was also an effect of year, with all females spending on average 3.16 ± 0.26% of the total time 
feeding in the pre-treatment year (2014) and 4.65 ± 0.26% in the year post-treatment (2015; p = 
0.005). There was an effect of presence of pouch young on the time spent feeding (p < 0.001), where 
females with no pouch young (NPY) were feeding on average 3.53 ± 0.26% of the total time and 
females with PY spent 5.34 ± 0.26% of the total time feeding (females with PY fed for longer than 
those with NPY in 5 of 7 recorded reproductive stages). Females with PY spent slightly more time 
feeding than those with NPY during the fourth reproductive stage pre- and post-contraception (though 
not statistically significant), and significantly more in the second reproductive stage in 2015 (post-
contraception only; Fig. 3.2b). 
Treatment had no effect on the order of arrival in the top five or first (p = 0.721 and p = 0.822, 
respectively), with all animals arriving in the top five on average 30.8% of the time (contraception, 
34%; control, 30.5%; males, 28%) and arriving first on average 5.6% of the time (contraception, 6.7%; 
control, 5.5%; male, 4.7%). The presence of pouch young also had no effect on the order of arrival (top 
five, p = 0.968; first, p = 0.81). 
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Figure 3.2: Mean ± s.e.d. proportion of time spent feeding for a) control and contraception treatment 
groups, and b) females with and without pouch young, during each reproductive stage for pre-and 
post-treatment years. The reproductive stages depicted are 1: pre-breeding (Jan to Feb); 2: 
oestrus/small pouch young (Mar to Jun); 3: large pouch young (Jul to Aug); 4: young in the den (Sep 
to Dec). Asterisks indicate reproductive stages where group means are statistically different. 
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Weight 
There was an interactive effect of treatment group and trapping month on the weight of female devils 
(p = 0.004; Fig. 3.3). Overall, the weights fluctuated month by month, yet treated and control groups 
weighed the same as each other at each trapping trip, apart from April 2015, where controls weighed 
significantly less (contraception, 7.69 kg ± 0.54; control 6.20 kg ± 0.54; Fig. 3.3). The weight of females 
in July has been adjusted to account for the estimated weight of their young, deducting 200 g per PY 
from the net weight (full term PY weigh 200 g (Guiler 1970a)). 
There was also an interactive effect between the presence of pouch young and the trapping month 
on weight (p = 0.013). Females with PY in July 2016 were heavier than females with NPY in Apr 2014, 
Jan 2015 and May 2016, and also females with PY in October 2014 and April 2015. Yet, there was no 
difference in weight in the same trapping month between females with PY or NPY. 
 
Figure 3.3: Mean ± s.e.d. quarterly weights in kilograms of females in a) control and treatment groups 
and, b) with no pouch young (NPY) and with pouch young (PY) from April 2014 to July 2016. Asterisks 
indicate trapping months where group means are statistically different. 
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Wounds 
There was no effect of treatment or presence of pouch young on the number of new wounds seen at 
each trapping month (p = 0.832, p = 0.143, respectively). There was an interactive effect of trapping 
month and location (p = 0.004), with the most wounds seen in July and October 2015 in the Bridport 
FRE, and July 2015 in Freycinet (Fig. 3.4). Devils in Freycinet had more wounds than Bridport in July 
2015. There was no wound data for April 2016. 
 
Figure 3.4: Mean ± s.e.d. number of new wounds on female Tasmanian devils housed at Bridport and 
Freycinet free range enclosures from January 2015 to July 2016. Asterisks indicate trapping months 
where group means are statistically different. 
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Discussion 
This study has shown that Suprelorin implants are a useful tool for managing breeding in Tasmanian 
devils held in free range enclosures and has expanded our knowledge of fertility control in devils and, 
more broadly, endangered wildlife species. Suprelorin contraceptive implants prevented production 
of pouch young in female Tasmanian devils for at least one breeding season. Efficacy for a second 
breeding season is difficult to conclude from this study because of low overall breeding rates in the 
second year, likely due to disruptions caused by multiple movements in and out of the enclosure 
during the breeding season. These movements were as a result of an aggressive individual causing 
injury and as a consequence this was considered to be an atypical breeding season for Bridport FRE 
(C. Hogg, pers. comm.). Future studies should assess the second breeding season after contraception 
in a free-ranging enclosure with less disruption. Contraception had no detrimental effects on order of 
arrival at food, time spent feeding, or on body weight. 
The effectiveness of Suprelorin contraceptive implants was clear in the first breeding season following 
treatment. All females on contraception had previously had pouch young and were still of 
reproductive age, indicating that if the contraception failed there was a high possibility of them 
breeding. As they did not reproduce, while the majority of control females of similar age and parity 
did, this demonstrates the effectiveness of contraceptive treatment. The pouch score of 2 (pinkish, 
dry) for all treated females until April 2016 also indicates their reproductive quiescence (Table 3.2), 
whereas all control females either had young, or showed evidence of oestrous cycle induced pouch 
changes (Hesterman et al. 2008a). The one control female, Matilda, who did not produce young had 
a pouch score of 4 (max, puffy, lipstick ring, oil drops) during the breeding season, indicating that she 
was undergoing oestrous cycles (Hesterman et al. 2008a). It is likely that as Matilda was four years old 
and had not previously had pouch young, her chances of successfully conceiving were naturally very 
low, less than 10% (Hogg, unpublished data; Penfold et al. 2014). Her body condition score of two 
during the breeding season could also have affected her ability to conceive (Asa 2005a). 
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It cannot be concluded from this study whether the contraception remained active, or whether 
contraceptive reversal may have occurred, during or before the second breeding season. Failure to 
reproduce in this season could be due to contraception or a consequence of low overall breeding 
success in that enclosure that year. Due to devil movements to suit the STDP objectives, there was 
only one enclosure left in the trial with both sexes at this time, so there was no opportunity for 
comparison. Pouch score results for this season (Table 3.2) show some indication that the pouches of 
treated females were more active than the previous breeding season, with 3 of 5 becoming puffy and 
very oily (score 4) in April 2016, and 3 of 3 being red and oily (score 3) in July 2016. Pouch appearance 
such as this has been shown to be a reliable indicator of oestrus (Hesterman et al. 2008a), implying 
that the contraceptive effect was wearing off. A contraceptive duration of one breeding season from 
a 4.7 mg implant in devils would be much shorter than the 515 ± 87 day duration in female tammar 
wallabies (Notamacropus eugenii) given 5mg implants (Herbert et al. 2005), but similar to the 259 - 
432 day duration seen in female brushtail possums (Trichosurus vulpecula) given 5 mg implants 
(Eymann et al. 2007). The contraceptive duration in these species, like many others, was highly 
variable between individuals. While the design of the current study did not permit assessment of the 
reversibility of contraceptive effect in devils, Suprelorin contraceptive treatment was found to be 
reversible in other marsupials, including the brushtail possum, eastern grey kangaroo (Macropus 
giganteus) and tammar wallaby (Herbert et al. 2005; Herbert et al. 2006; Eymann et al. 2007). 
For the majority of sampling months, there was no difference in weight between treated and control 
groups. This reflects the findings of other studies on GnRH agonist contraceptive agents where there 
were no changes in the weight or condition of treated females (D’Occhio et al. 2002; Herbert et al. 
2005; Herbert et al. 2006; Wilson et al. 2013). Two main factors may have contributed to the treated 
females weighing more than controls at the start of the 2015 breeding season; the potential for weight 
gain due to contraception (AZA RMC 2016) and/or the act of males guarding and denying their 
partners access to food for several days after mating for control animals (Owen & Pemberton 2005). 
Preliminary data on Suprelorin implants in a range of taxa in American Zoos suggest that increased 
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appetite causes weight gain, especially in females, unless their diet is carefully managed (AZA RMC 
2016). In this study, appetite and/or access to food does not seem to be a factor, as females on 
contraception spent the same proportion of time feeding as the controls, yet still weighed more during 
the breeding season. This study did not measure bite rate, or size, so it is possible that during the same 
amount of feeding time the devils on contraception were eating more. Additionally, male devils may 
prevent females from feeding for a few days following mating, thereby reducing weight in control 
animals. Although the reason(s) for the higher weight in treated devils at the start of the 2015 season 
are unknown, it is unlikely to be an inherent effect of the Suprelorin implant causing weight gain 
because treated devils are not consistently heavier. 
Tasmanian devils are largely solitary carnivores, which occasionally come together for consumption of 
large carcasses in the wild (Pemberton & Renouf 1993; Owen & Pemberton 2005). The dominant 
feeder will arrive first and be displaced by a challenger once it has gorged itself (Owen & Pemberton 
2005), but with no indication of a stable dominance hierarchy (K. Davis pers. comm.). The finding that 
there was no effect of contraception on order of arrival at a feed station, pre- and post-treatment, 
supports this idea, and indicates no effects on social rank. As devils housed in the FREs are at higher 
densities than found in the wild (McCallum et al. 2007) and fed carcasses at one or more feed stations; 
we hypothesised that this could promote an increased number of interactions whilst feeding. Further, 
Suprelorin treatment is associated with the suppression of ovarian steroid hormones in a large 
number of species, including tammar wallabies and brushtail possums (Herbert et al. 2005; Eymann 
et al. 2007); so we also hypothesised that similar changes to steroid hormones in treated female devils 
(unpublished data) may have resulted in changes to aggressive behaviour. However, aggression does 
not appear to have been an issue in the free-range enclosures during the study period, as there were 
insufficient physical interactions recorded to allow for analysis of dominance hierarchies per se. This 
in itself suggests that aggressive behaviours were not elevated. Devils appeared to mostly come and 
go from the feed stations without physical interaction. It should be noted, however there was some 
mutual tolerance between individuals, as well as displacements and denials of others accessing food. 
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These interactions reflect previous observations of Tasmanian devils which found that the outcome 
of encounters was related to the length of time each individual had spent feeding, rather than any 
form of hierarchy, and that many disputes are settled via ritualised posturing rather than direct fights 
(Pemberton 1990). Additionally, past observations have considered geographical restriction of food 
to be a likely cause for fighting (Lack 1954; Guiler 1970b), yet, in the enclosures the feed stations are 
spread out and have sufficient food. This is also supported by the absence of an effect of contraception 
on the number of wounds seen on the devils. Aggression and the resulting wounds are likely to be 
attributed to local and transient factors, considering the effect of enclosure and trapping month but 
lack of a clear trend. 
In this study, females with pouch young spent more time feeding than those without, particularly 
during April (beginning of breeding) and October (young begin being transferred to the den). Following 
conception, during gestation and development in the pouch, females will be experiencing higher 
energy, protein and calcium demands (Cork 1991; Krockenberger 2003; Speakman 2008; Cripps et al. 
2011), which may have caused them to spend more time feeding than females without young. When 
young were transferred to den sites, the mothers may have continued to be more competitive due to 
their lactational energy demands. This is to be expected, and many other mammals will increase their 
energy intake during lactation (Prentice & Prentice 1988), including several non-human primates 
(Dufour & Sauther 2002), small mammals (Speakman 2008) and mountain goats (Oreamnos 
americanus) (Hamel & Côté 2009). Yet, lactating females were not in the first five to access food more 
often than female devils with no pouch young, meaning that time spent feeding may be more 
important to the individual than arriving first. Studies in other species have also shown there to be no 
effect of contraception on feeding behaviour. There were no apparent effects of deslorelin on 
appetite, feeding habits or weight of female eastern grey kangaroos (Woodward et al. 2006), and the 
intake and weight of female wapiti given the GnRH agonist, leuprolide, also remained within normal 
ranges (Baker et al. 2001). 
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This project was limited by sample size due to the large number of important studies and management 
plans being conducted simultaneously on endangered Tasmanian devils as part of the Save the 
Tasmanian Devil Program. The sample size was restricted by the demographics within the enclosures, 
each housing up to 20 devils with a management goal of a 1:1 sex ratio, leaving only three to five 
potential devils to treat in each location which were not needed for breeding. In consideration of this, 
reproduction was analysed simply as presence/absence of pouch young, making trends in the results 
clear. Although faecal sampling for hormone analysis would have strengthened our findings this was 
not pursued as samples could not be collected at a high enough frequency due to the extensive nature 
of the enclosures, and the high cost of DNA analysis for individual faecal identification. As an 
alternative to this we have used pouch scoring as a proxy for reproductive status in this study. Future 
work which is able to genotype individuals from non-invasive samples may assist in understanding the 
hormonal consequences of contraception in free-range enclosures. It is also likely that the low sample 
size reduces the power of the feeding behaviour analysis, so the main interest here was to detect 
significant trends or indications which would warrant further, more detailed, investigation. The length 
of time that the same individuals could be monitored for long-term effects was limited by the required 
devil movements for management purposes. The free-range enclosures are stocked annually to 
maximise breeding potential and retention of genetic diversity as part of the Tasmanian devil 
insurance metapopulation (Hogg et al. 2017b). As this study was undertaken on an endangered 
species the assessment of potential side effects was achieved through non-invasive measurements 
and as a result no examination of internal organs (e.g. ovaries, reproductive tract) was conducted. In 
spite of these limitations, this trial has effectively served its purpose as the first field trial of 
contraception on free-ranging Tasmanian devils. 
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Management implications 
Our study provides fundamental information to the STDP managers regarding efficacy and potential 
side effects of Suprelorin contraceptive implants on free-ranging female Tasmanian devils. 
Contraception is becoming an increasingly important tool for conservation programs, and it is 
essential to understand its full capability for managing breeding reliably, so that breeding 
recommendations can be adhered to and genetic, and behavioural, integrity of insurance populations 
can be maintained (Cope et al. 2018b). 
In this insurance population, pedigree based management is used to determine mean kinship values 
of individuals and allocate breeding recommendations and select females for contraception (Hogg et 
al. 2015). Females treated with contraceptives can be housed with other devils in the enclosures to 
balance the demographics, while the others are allowed to breed freely. This allows for more 
individuals to be group housed, therefore reducing operational costs and allowing them to maintain 
wild-type behaviours, readying them for release into the wild (Hogg & Lee 2014). We have shown that 
4.7 mg Suprelorin implants are effective for one breeding season in free-ranging Tasmanian devils, but 
efficacy for a second season needs to be investigated further. There were also no overall detrimental 
side effects, in relation to weight, overall health, feeding behaviour and wound rates, which could be 
attributed to the use of contraception. 
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CHAPTER 4: THE USE OF CONTRACEPTION ON AN INTRODUCED POPULATION OF 
TASMANIAN DEVILS (SARCOPHILUS HARRISII) ON MARIA ISLAND 
4.1 BACKGROUND 
The work presented in this chapter investigates the efficacy and utility of Suprelorin contraceptive 
implants in female Tasmanian devils on Maria Island. Contraception was (and continues to be) used 
in this introduced population to enable intensive genetic and reproductive management of free-
ranging, mixed sex individuals. An understanding of the efficacy and safety of Suprelorin had been 
established in Chapters 2 and 3, which meant the implants could be used reliably for management 
purposes. Being wild-born and free-ranging, this study also enabled the utility of the implants and 
their potential impacts on body weight, movements and survival to be assessed in a ‘real-world’ 
situation rather than in captivity. The use of contraception in this population is used to highlight the 
importance of maintaining source population integrity in reintroduction programs.  
The work presented here is currently being prepared for manuscript submission. I contributed to the 
design of the study and treatment of animals, analysed video footage, performed all data analysis and 
wrote the manuscript. Catherine Herbert and Carolyn Hogg designed the study and provided guidance 
during data analysis. Phil Wise and/or Carolyn Hogg coordinated and participated in all data collection 
and transfer, in addition to providing all information relating to the Maria Island and Forestier 
Tasmanian devil populations. 
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The use of contraception on an introduced population of Tasmanian devils (Sarcophilus 
harrisii) on Maria Island 
Abstract 
Given the high rate of extinctions in Australia, conservation programs need to focus on having 
sustained, large scale approaches to managing threatened populations. The Save the Tasmanian Devil 
Program (STDP) is a good example of a multi-faceted approach to saving a species from potential 
extinction. The STDP has successfully isolated healthy individuals in wildlife parks, offshore islands and 
fenced areas of the Tasmanian mainland to protect them from the threat of devil facial tumour disease 
(DFTD). This metapopulation is managed using genetic and reproductive technologies to maintain the 
long-term integrity of the insurance population. Contraception of selected individuals based on their 
genetic relatedness is one such technology, and has the benefits of equalising founder representation, 
prioritising resources to the most valuable offspring, and allowing animals to be housed in groups and 
maintain their wild behaviours. In this study, the contraceptive duration of Suprelorin implants has 
been assessed in free-ranging female Tasmanian devils introduced to Maria Island. Potential side 
effects on body weight, trapability, movements, and survival on the island were investigated. Two 
groups of females were given contraceptive implants in January 2015 (cohort 1; Suprelorin 4.7 mg, n 
= 7, control, n = 6) and January 2017 (cohort 2; Suprelorin 4.7 mg, n = 9; control, n = 9), with attempted 
recaptures via trapping every 3 or 6 months to check their general health and pouch condition. 
Motion-activated cameras were set at feed stations across the island to monitor the survival, health 
and location of individuals over time. Contraception was effective for one breeding season in 100%, 
and up to two breeding seasons for 62.5 %, of females given contraception. There were no side effects 
of contraception detected. Contraception with Suprelorin implants has provided a valuable tool for 
managing reproduction in female Tasmanian devils with no apparent detrimental side effects, thus 
contributing to multiple population management goals. 
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4.2 INTRODUCTION 
Australia has an alarming rate of extinction and many native species are in rapid decline (Woinarski et 
al. 2015). If there is any hope of slowing this process, conservation programs need to use a multi-
faceted, long-term approach to managing threatened populations. This has led to a move towards 
integrating ex situ and in situ conservation methods into a combination of zoo-based, semi-wild and 
wild populations for protecting native species (Baker et al. 2011; Conway 2011; Hogg et al. 2017b). As 
such, there is a growing need for a tool to control breeding within confined ‘free-ranging’ systems 
(Cope et al. 2018b). Within conservation programs, known as ‘managed metapopulations’, it is critical 
to maintain genetic diversity, while also minimising adaptation to captivity to safeguard wild 
behaviours for future independence and sustainability in the wild (Willoughby & Christie 2018). By 
utilising an effective contraceptive agent, animals can be group housed which maintains wild 
behaviours and reduces operational costs, while controlling breeding to prioritise under-represented 
bloodlines (Cope et al. 2018b). 
Tasmanian devils (Sarcophilus harrisii) are the world’s largest extant carnivorous marsupial, now listed 
as endangered due to the effects of the contagious clonal cancer, devil facial tumour disease (DFTD), 
which has caused declines of 77% in the wild over the last 20 years (Hawkins et al. 2006; Loh et al. 
2006; Lachish et al. 2007; McCallum et al. 2007; Lazenby et al. 2018). Tasmanian devils play a key role 
in ecosystems as the largest terrestrial predator (Owen & Pemberton 2005), and so it is important to 
preserve and potentially augment their remaining wild populations. An insurance population was 
established in 2006 with Tasmanian devils placed in four zoos (Hogg et al. 2017b). This has now grown 
into an insurance metapopulation with devils in zoos, group housing, an island site (Maria Island) and 
a fenced peninsula (Forestier Peninsula) (Hogg et al. 2017b). The metapopulation is managed using a 
mean kinship minimisation strategy where individuals who are least related to one another are 
provided with breeding recommendations (Ballou et al. 2010). However, breeding specific individuals 
is difficult to achieve in group housing. It is for this reason that the efficacy and safety of contraceptive 
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implants have been studied in female Tasmanian devils in zoo-based and semi free-ranging 
populations (Cope et al. 2018a; Cope et al. 2018b) (Chapters 2 and 3). The final step in validating 
contraception as a tool for managing Tasmanian devil reproduction within the metapopulation is to 
understand the contraceptive efficacy and population level effects on Maria Island and Forestier 
Peninsula (Wise et al. 2016; McLennan et al. 2018; Huxtable & Brown in press).  
Previous studies have found the Suprelorin contraceptive implant to be effective in female Tasmanian 
devils, but it had the undesired effect of increasing testosterone in males (Chapter 2). In females, a 
single 4.7 mg implant suppressed reproduction for one breeding season, or effectively one year, with 
no overall detrimental effects on body weight or access to food (Cope et al. 2018a). Giving two 4.7mg 
implants increased values for some blood parameters, and coupled with the effects of captivity, 
appeared to cause weight gain (Chapter 2). These studies focused mostly on endocrine parameters, 
and so did not have the opportunity to fully assess contraceptive reversal in terms of reproductive 
success. Contraceptive treatment of free-ranging wildlife can also potentially cause changes to 
movement patterns. For example, female koalas (Phascolarctos cinereus) treated with gestagen 
implants exhibited movements out of their normal ranges, and this was likely due to the lack of 
dependent young (Hynes et al. 2011). It is therefore important to determine any potential effects on 
female devil movements through the environment before implementation as a management tool for 
semi-wild or wild populations. 
Tasmanian devils were first introduced to Maria Island off the east coast of Tasmania in 2012 (n=15) 
with a second release in 2013 (n=13) to create an island insurance population, free from DFTD 
(Thalmann et al. 2015; Rogers et al. 2016; McLennan et al. 2018). Since their introduction to the island 
the devils have been genotyped and their pedigree reconstructed to permit management of the 
founder representation of the population (McLennan et al. 2018). This analysis shows there are a 
number of over-represented family lines on the island, which will increase inbreeding and reduce 
genetic diversity over time (McLennan et al. 2018). Using the genotyping data, individual females were 
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targeted for contraception to reduce these over-represented family lines in the population. It is 
important to maintain the viability and health of this population, as it acts as an important source 
population of semi-wild DFTD-free devils for reintroduction to the wild (Wise et al. in press). This is 
critical, as wild-caught animals are more likely to survive and succeed than captive-born carnivores in 
reintroductions, mainly due to adaptation to captivity, loss of wild behaviours and resistance to 
various diseases (Jule et al. 2008; Willoughby & Christie 2018). In addition, contraception also slows 
reproduction on the island to reduce potential impacts of the Tasmanian devils on the island’s 
ecosystem as the devil population reaches the island’s carrying capacity. 
The aim of this study was to assess the contraceptive efficacy and duration of Suprelorin implants as 
an effective management tool in free-ranging, semi-wild female Tasmanian devils, as determined by 
successful breeding post-treatment. We assessed any effects on weight gain to validate the results of 
previous studies in intensive housing and free-ranging enclosures, as well as potential effects on 
trapability, survival and movements in the environment, as these may have direct impacts on future 
reintroduction efforts. 
4.3 MATERIALS AND METHODS 
Study Animals & Site 
This study was carried out on Maria Island (42°38′S 148°05′E), a 115.5 km2 national park, located 
approximately four km off the east coast of Tasmania. Maria Island has a cool climate, with a yearly 
average maximum temperature of 17.0°C and a minimum of 10.4°C and mean annual rainfall of 528.3 
mm (Bureau of Meterology 2017). There are no permanent residents, shops or vehicles (apart from 
Park Rangers) on the island, but it is a popular ecotourism location for camping and hiking. 
Female Tasmanian devils are polyoestrous, polyovular and polygamous after reaching sexual maturity 
at approximately two years of age (Pemberton 1990; Jones et al. 2008). The breeding season is 
traditionally from February to June (Hesterman et al. 2008b), with females producing a maximum of 
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four joeys after a gestation length of approximately 12.5 to 17.9 days (Guiler 1970b; Hesterman et al. 
2008b; Keeley et al. 2012b). Joeys are weaned at around four months of age and remain in the den 
until around seven months of age (Guiler 1970b). 
Female Tasmanian devils in this study were free-ranging on the island and were sexually mature based 
on their recorded, or estimated, age (age at treatment ranging from 1.7 to 4.7 years old). Age 
estimations were made based on tooth measurements (Guiler & Heddle 1974). Microchip 
transponders (Allflex, Australia) were used for individual identification, along with their unique 
markings (Eisenberg et al. 1975; Buchmann & Guiler 1977). Camera traps were used to monitor wildlife 
populations on the island, including Tasmanian devils. Camera traps were baited with a lure mix (a 
mixture of rolled and quick oats, water, sardines, liver treats and fish oil). Devils were selected for 
introduction to the previously devil-free island based on genetic and behavioural suitability (Wise et 
al. 2016). Females were selected for contraception based on their genotyping results, their 
relationship to other individuals on the island and the breeding success of their family line; control 
devils were age-matched to treated devils (C. Hogg, unpublished data). 
Experimental design 
To ensure sufficient sample size to test the effectiveness of contraception on Maria Island, the 
experiment was repeated on two cohorts, the first being females from the initial island releases in 
2012 and 2013, and the second being females born on the island between 2013 and 2015. Older 
females were selected for Cohort 1 because captive trials were still underway at that time to 
determine the duration of effect and potential side effects of Suprelorin implants (Cope et al. 2018a) 
(Chapter 2). It was deemed safer to use females which had already produced offspring and had limited 
future breeding opportunities.  Selected females in Cohort 1 were given a 4.7 mg Suprelorin implant 
(n = 7) in January 2015, and control females (n = 6) were given the same handling treatment minus an 
injection or implant. Females in Cohort 2 were given the same treatments in January 2017 (Suprelorin, 
n = 9; control, n = 9).  
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To determine the duration of contraceptive effect, reproductive rates (assessed as presence or 
absence of pouch young, irrespective of the number of young) and pouch condition scores (indicative 
of reproductive status (Hesterman et al. 2008a)) were compared between treatment groups for each 
breeding season following treatment. Potential health side effects were assessed using size-adjusted 
body weight measurements between groups over time (Farquharson et al. 2018). To assess the devils’ 
movements across the island, the locations where each devil was trapped, or seen on camera, were 
recorded. These were used to calculate the greatest distances moved within each year and a minimum 
home range, which were then compared between one year pre- and post-treatment. PVC pipe traps 
were located mostly along the western side of the island due to ease of access whilst the baited 
camera traps are evenly spaced across the island (Supplementary Fig. 4.1). The mountain range down 
the middle of the island may be a barrier to movement of devils, and so there is minimal movement 
across the island on a regular basis (Wise, pers. comm., 2018). 
GnRH agonist implant 
The Suprelorin contraceptive implants (Virbac Animal Health (Australia) Pty Ltd, Milperra, NSW, 
Australia) used for this study contain 4.7 mg of the gonadotrophin releasing hormone (GnRH) agonist 
deslorelin, which acts at the level of the pituitary to suppress luteinising hormone (LH) and follicle 
stimulating hormone (FSH) (Ortmann et al. 2002). This therefore prevents ovulation and conception. 
Suprelorin is inserted subcutaneously to continuously release deslorelin until the implant is depleted. 
Implants were administered as per Cope et al. (2018a). 
Trapping and data collection  
Animals were trapped in baited PVC pipe traps designed for Tasmanian devils (Hawkins et al. 2006), 
and were health checked by STDP staff by measuring body weight, body condition, head width, tail 
width, canine tooth length, number of parasites, number of wounds, reproductive status and 
behaviour during handling. See Fig. 1 in McLennan et al. (2018) for a map of live trap locations on 
Maria Island (also included in Supplementary Fig. 4.2 for convenience). Data was collected from the 
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STDP trapping for general monitoring in January, April, July and November 2014, January, April and 
July 2015, and January and May 2016, 2017 and 2018. Pouches were observed and scored on a scale 
of 1-9 as per the STDP Standard Operating Procedure, modified from Hesterman et al. (2008a) (see 
Fig. 1 in Cope et al. (2018a) or Chapter 3, Fig. 3.1). Camera trap footage was collected by STDP staff 
and sent to The University of Sydney for analysis. 
Data analysis 
Reproductive data for the first (and second for Cohort 2) breeding season following treatment was 
run through a general regression analysis with Pouch Young as the response variate (being 1 or 0 for 
presence or absence of young, respectively) and Treatment (contraception or control) as the fitted 
term (GenStat, 16th Edition, VSN International Ltd.). There were not enough Cohort 1 females still of 
reproductive age in the second breeding season for analysis, hence the inclusion of a younger Cohort 
2 once the safety and efficacy of the implants was demonstrated, thereby increasing the sample size 
and enabling assessment of reversibility in the second breeding season after treatment. 
Head width and body weight measurements were used to calculate a size-adjusted measure of body 
weight, as described in Farquharson et al. (2018). A restricted maximum likelihood (REML) analysis 
was used to compare this size-adjusted body weight of females between treatment groups and over 
time for Cohorts 1 and 2 (GenStat). The differences between group means at each time point were 
compared against the least significant differences (LSD; 5% level) to determine significance. 
Trapability (mean number of times individual devils were trapped per trapping session) was assessed 
using REML (GenStat). The number of times each individual was trapped per trapping session was the 
response variate, treatment (contraception or control) and trapping date were fitted terms, and the 
devil name was a random effect to account for repeated measures. Data from 2018 onwards was not 
included in the analysis as 33 devils were removed from the island in May 2017 and May 2018. Non-
contracepted females with higher trapability scores were chosen preferentially for removal, and this 
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may have skewed trapability results. Survival was calculated as the age that devils in Cohort 1 were 
last seen alive (and now presumed to be dead) as of June 2018, and this was compared between 
groups with a two-sample t-test (GenStat).  
The eastings and northings (as per the Universal Transverse Mercator [UTM] coordinate system) from 
live and camera trapping locations were mapped in Google Earth Pro to assess the movements of 
females in both cohorts across the breeding season (January to July) one year before and up to two 
years after treatment. The distance between the two most extreme points of capture (live and camera 
traps combined) for animals caught two or more times was calculated using Pythagoras’ Theorem and 
the UTM grid references (Hoffmann & Gottschang 1977). The trap-determined minimum home range 
was calculated by drawing a polygon around the outside points of capture (live and camera traps) 
(Hayne 1949) and recording the area of this polygon given in Google Earth Pro. The proportion change 
from baseline (one year pre-treatment) was calculated for each year post-treatment for the distance 
between extreme points (Max Distance) and minimum home range (minimum convex polygon, MCP). 
The effect of treatment group was then assessed using REML (GenStat). There was no effect of sample 
size per devil (number of times detected by live and camera trapping) on Max Distance or MCP (as 
assessed by general linear regression (GenStat); p = 0.572), so all devils with at least two (Max 
Distance) or three (MCP) trap recordings per year were included in the analysis. 
  
 117 
 
4.4 RESULTS 
Reproductive success 
Cohort 1, 2015 – 2016; and Cohort 2, 2017-2018 
There was a 100% success rate of the contraceptive treatment in the first breeding season, with no 
contracepted devils in either Cohort 1 or 2 having pouch young, compared with all controls having 
pouch young in Cohort 1, and 86% of trapped controls (6 of 7) in Cohort 2 (p <0.001). Pouch scores 
also indicated no oestrous activity (Hesterman et al. 2008a) in the first breeding season for 
contracepted females, with scores of 2 (pinkish, dry; Cohort 1, n = 6; Cohort 2, n = 8) or 3 (some oil, 
red; Cohort 1, n = 1) only. The control female in Cohort 2 which did not have pouch young had a pouch 
score of 4 (puffy, oil drops, lipstick ring), indicative of oestrous activity. Cohort 1 was approaching, or 
had reached, reproductive senescence by the second breeding season after treatment (being four to 
six years of age), so could not be assessed. All control females (n = 5) in Cohort 2 trapped in the second 
breeding season had pouch young compared with 12.5% (n = 1) of contracepted females (p < 0.001). 
Pouch scores indicated no oestrous activity (score 2; pinkish, dry) for 62.5% of contracepted females 
(n = 8) in the second breeding season (517 days after treatment), while 25% appeared to be in oestrus 
(score 4; oil drops, lipstick ring), and one had pouch young (score 7; conceived at approximately 434 
days after treatment). Cohort 2 will continue to be monitored to determine whether the 62.5% of 
contracepted females that did not show signs of oestrous will resume breeding in the third year after 
treatment. 
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Body weight 
Cohort 1, 2014 – 2016; Cohort 2, 2016 - 2018 
Contraception did not cause any differences in size-adjusted body weight of females in Cohort 1 (p = 
0.984; Fig. 4.1), although all females had varied size-adjusted bodyweights over time (p < 0.001). There 
was no effect of year of birth for Cohort 1 (p = 0.861). For Cohort 2 females there was no effect of 
contraception on size-adjusted bodyweight (p = 0.251; Fig. 4.1). The age of devils had a variable effect 
over time on size-adjusted bodyweight (p = 0.007). 
 
Figure 4.1: Mean ± s.e. size-adjusted body condition for females in contraceptive and control 
treatment groups; Cohort 1 ( and , respectively) from January 2014 to May 2016; and Cohort 2 
(contraceptive, , and control, ) from January 2016 to June 2018. Females in the contraceptive 
treatment group received implants in January 2015 (Cohort 1), and January 2017 (Cohort 2).  
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Trapability 
Cohort 1, 2014 – 2016; Cohort 2, 2016 - 2017 
For both Cohorts 1 and 2 there was no effect of treatment (Cohort 1, p = 0.860; Cohort 2, p = 0.411) 
or year of birth (Cohort 1, p = 0.743; Cohort 2, p = 0.431) on mean number of times each devil went in 
a trap, but there were differences over time (Cohorts 1 and 2, p <0.001). Devils repeatedly went into 
traps more often in January 2016 than most other trap sessions for Cohort 1. Although not significant, 
there is a trend for control females in both cohorts to enter traps less often than contracepted females 
after treatment (except in March 2017; Fig. 4.2). 
  
Figure 4.2: Mean ± s.e. number of times each female Tasmanian devil was trapped per trapping 
session for contraception (black columns) and control (white columns) treatment groups for a) Cohort 
1, January 2014 to May 2016; and, b) Cohort 2, January 2016 to May 2017.  
Survival 
Cohort 1, 2014-2018 
There was no difference in mean age at death or last known to be alive between treatment groups (t 
= 1.70, d.f. = 11, p = 0.117; contraception, 5 years, 11 months; control, 5 years 4 months). 
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Movements on the island 
Cohort 1, 2014 – 2015 (live and camera traps); and Cohort 2, 2016-2018 (live traps only) 
For Cohort 1 there was no effect of contraception on the mean change in Max Distance (p = 0.941) or 
MCP (p = 0.905) between one year pre- and post-treatment (Fig. 4.3). There was also no difference in 
Max Distance or MCP between years (pre- versus post-treatment; Max Distance, p = 0.465; MCP, p = 
0.453). Contraception had no impact on the mean change in Max Distance (2017, p = 0.567; 2018, p = 
0.243) or MCP (2017, p = 0.890; 2018, p =0.764) of Cohort 2 in the two years following treatment 
compared to the year before treatment (Fig. 4.3). 
 
Figure 4.3: The mean ± s.e. proportional change in home range (minimum convex polygon, MCP; km2) 
and distance between the two most extreme points of capture (live or camera; max distance; km) of 
post-treatment years (Cohort 1, 2015; Cohort 2, 2017, and 2018) for female Tasmanian devils in 
contraception (black columns) and control (white columns) treatment groups for a) Cohort 1; and b) 
Cohort 2. Pre-treatment Max Distance and MCP (Cohort 1, 2014; Cohort 2, 2016) were given a value 
of 1, depicted as a dotted line. 
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4.5 DISCUSSION 
Contraception is an effective management tool for both the demographic and genetic management 
of Tasmanian devils on Maria Island. The use of 4.7 mg Suprelorin implants prevented breeding in 
free-ranging female Tasmanian devils for one to two years with no effects on body weight, trapability, 
survival or movements around the island. These females were selected for contraception due to their 
genetic overrepresentation within the insurance metapopulation, and as a means to maintain a 
sustainable population size within the carrying capacity of Maria Island. As females began to resume 
breeding one to two years after treatment, this means that they have the option to contribute to the 
population again should that be required.  
Reversibility of contraception was evident after 17 months in 34% of Cohort 2 females (n = 8), and 
after 19 months in 100% of recaptured female devils (n = 2) released on Forestier Peninsula 
(unpublished data). Pouch young were conceived 434 days post treatment in Cohort 2 on Maria Island, 
and after 500 days in Forestier females, based on age estimated as per Phillips and Jackson (2003) and 
gestation of 12.5 days as per Keeley et al. (2012b). This supports previous studies showing reversibility 
of deslorelin implants in other marsupials including the eastern grey kangaroo (first birth occurring 
559 ± 111 days after treatment) (Herbert et al. 2006), tammar wallaby (Notamacropus eugenii; first 
birth occurring 515 ± 87 days after treatment) (Herbert et al. 2005) and brushtail possum (Trichosurus 
vulpecula; first birth varying from 259 to more than 734 days after treatment) (Eymann et al. 2007), 
along with another small carnivore, the red panda (Ailurus fulgens; conception occurring 3 years after 
treatment) (Koeppel et al. 2014). Like the devils, some red pandas were given contraception so that 
they could be group housed, while still following recommendations to prevent breeding from 
overrepresented individuals (Koeppel et al. 2014). Red pandas breed once a year like the devils, but 
they have a longer lifespan of around 8 to 10 years (Roberts & Gittleman 1984), allowing time for 
reversal and resumption of breeding after contraception. Tasmanian devils need to be treated with 
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contraception at a younger age to allow time for reversal and resumption of breeding within the 
confines of their three to four year reproductive lifespan (Guiler 1978). 
The duration of effect for Suprelorin implants is known to be highly variable between individuals in 
many species (AZA RMC 2018). This is exemplified by the range in reproductive status seen in Cohort 
2 females during the second breeding season after treatment (at 517 days); inactive pouches, active 
pouches with no PY (oily, puffy pouch), and reversals (with pouch young after 434 days, plus 2 females 
on Forestier Peninsula with PY at 500 days). This also supports the results from previous endocrine 
studies on Tasmanian devils (Cope et al. 2018a) (see Chapters 2 and 3) which showed that 4.7 mg 
Suprelorin implants suppress reproductive hormones for at least one, and up to two, breeding 
season(s), which is equivalent to around 181 to 547 days. The duration of Suprelorin-induced 
contraception in devils is in the same range as tammar wallabies, eastern grey kangaroos, and 
brushtail possums (259 days to 3 years; see above) (Herbert et al. 2005; Herbert et al. 2006; Eymann 
et al. 2007; Wilson et al. 2013). The mid-term duration of effect from Suprelorin implants is 
appropriate for use in conservation management programs, where it is suggested that an ideal 
contraceptive should last for up to half the reproductive lifespan of a species (Cope et al. 2018b). 
Contraception was not associated with changes in body weight of treated females. This supports 
previous research on brushtail possums (4.7 mg deslorelin) (Lohr et al. 2009), eastern grey kangaroos 
(one or two 10 mg deslorelin) (Herbert et al. 2006), tammar wallabies (5 mg deslorelin) (Herbert et al. 
2005) and rats (4.7 mg deslorelin) (Grosset et al. 2012), which also found no effects of contraception 
on body weight. Cope et al. (2018a) found that treated female devils housed in free-range enclosures 
were heavier than controls during the first breeding season after treatment, yet this was not the case 
in free-ranging females on Maria Island. The effect of age on weight in Cohort 2 was to be expected 
as it reflects their various life stages and, hence, growth stages. 
Trapability is useful to monitor, as it can be an indicator of changes to survival, behaviour and animal 
movements. For example, female koalas treated with levonorgestrel and oestradiol contraception had 
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significantly lower recapture rates following treatment than control females, potentially indicating a 
decline in survival, or changes to emigration and movements (Middleton et al. 2003). Some devils 
appeared to enter traps more often than others, but trapability was not linked to contraceptive 
treatment. This is likely to be a result of individual characteristics such as personality (Boon et al. 
2008), boldness (Carter et al. 2012) or level of hunger (Bisi et al. 2011). The change in trapability over 
time is possibly a reflection of the weather (Drickamer & Capone 1977), season (Hoogenboom et al. 
1984; Tuyttens et al. 1999), ratio of number of traps to number of trappable individuals (Gliwicz 1970), 
or available resources on the island. Bank voles were found to have variable trapability depending on 
their age, unlike the devils, and between individuals, similar to the devils (Gliwicz 1970). The mean 
trappings per devil was lower in March 2017 as it was a shorter trapping session than normal, and in 
May 2017 it was increased as a result of the longer trapping session than normal, which altered the 
amount of time available for devils to enter traps. The lack of change in trapability related to 
contraception indicates no effects on behaviour or survival. 
Previous studies have found that population-level treatment with contraception can increase 
longevity of individuals by lowering mortality rates, increasing body condition scores and increasing 
mean age at death (Turner & Kirkpatrick 2002; Kirkpatrick & Turner 2007, 2008). There was no similar 
effect seen in this study, but females that died during this study were only treated for one breeding 
season, so it is possible that with longer term monitoring and the inclusion of females with multi-year 
repeat treatments, an effect on longevity may become apparent. 
Contraception did not cause any changes in distances moved on the island, but there was a trend 
towards Cohort 2 controls having slightly increased distances moved between traps in the year after 
treatment. It is possible that they were roaming further than contracepted females to support their 
lactational energy needs, but this would not explain the increase from the previous year, and it is likely 
that a relatively long distance travelled by one control female (6.57 km) skewed results. A study by 
Hynes et al. (2011) found a different result, with female koalas moving unusually large distances 
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before and during the breeding season due to the absence of back-young, whether they were treated 
with contraception or not. In this case, changes to movements resulted from the absence of offspring, 
rather than the contraceptive implant itself. The devil study used quite simple analysis of movements 
on the island due to the infrequency of data collection, yet we believe that it was adequate for 
detecting any significant changes to movement that would warrant further analysis. The study made 
use of data collected for general monitoring purposes, as it was not possible to deploy GPS collars for 
this particular project. Home ranges and distances travelled have already been established for 
Tasmanian devils (Guiler 1970b), and they are difficult to fully assess without GPS collars. Despite the 
drawbacks of the MCP method (Nilsen et al. 2008), this analysis suited the data available and the 
outcomes required for detecting any major effects of contraception, and the small sample size 
prevented the use of more precise, fine-scale analyses. The minimum home range sizes in our study 
were in the same range as those found by Pemberton (1990), and females generally appeared to stay 
in a particular region, with overlap between home range areas for different females, similar to 
previous studies (Guiler 1970b; Pemberton 1990). 
The development of contraception as a genetic management tool has been a high priority for 
carnivores, particularly within zoos, to prioritise housing resources only to individuals with high quality 
genetics (Wildt et al. 2001). This study has shown that Suprelorin contraceptive implants are safe and 
effective to use on free-ranging female Tasmanian devils. This allows the ability to control 
reproduction and thereby maintain genetic and behavioural integrity of the population on Maria 
Island. This is hugely important for the overall conservation of Tasmanian devils, as this island 
population is a source of individuals to release back into the wild in Tasmania (Wise et al. in press). 
There are numerous examples of the importance of maintaining genetic diversity in populations of 
endangered carnivores, including the Florida panther (Johnson et al. 2010), African wild dogs (Davies-
Mostert et al. 2009) and lynx (Linnell et al. 2009).  
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Contraception has benefits for translocation and reintroduction programs by maintaining a source 
population of individuals that are expressing wild behaviours in free-ranging enclosures or islands, 
while still having control over breeding. Animals raised in captivity have been shown to not survive 
and reproduce as well as wild animals after release into the wild, as evidenced by lynx (Linnell et al. 
2009), bear (Clark 2009) and felid (Sunquist & Sunquist 2017) reintroduction programs. Previously, 
there has also been the issue of being able to find and select suitable individuals for translocation from 
the wild (for their better survival traits), when they have unknown histories (Jackson & Ale 2009). 
Housing devils on Maria Island provides solutions to these issues by having a free-ranging semi-wild 
population of devils which are enclosed on an island, genetically managed by translocation and 
contraception, and comprehensively monitored.  
The way in which contraception is incorporated into a program needs to be carefully considered prior 
to implementation. For example, contraception has been used to control population sizes of lions in 
small reserves by mimicking natural processes, yet, without a studbook the management of genetic 
diversity was limited (Miller et al. 2013b). Contraception has also been used as a tool to reduce 
adaptation to captivity by delaying reproduction and therefore reducing the number of generations 
in captivity (Williams & Hoffman 2009). However, this had issues with individuals being unable to 
recommence reproduction after the contraceptive effect had worn off (Asa 2005a). This highlights the 
importance of having a detailed understanding of a population and the efficacy of a particular 
contraceptive agent in that species prior to implementation, as was the case for the Tasmanian devil 
population on Maria Island (see Chapters 1, 2 and 3). 
Carnivores play an important role in maintaining balance in an ecosystem, as highlighted by the well-
known example of returning wolves to Yellowstone National Park (Smith & Bangs 2009). Wolves have 
had many beneficial effects following their reintroduction, through multiple trophic cascades, and are 
considered to have returned balance to the ecosystem (Smith & Bangs 2009). Tasmanian devils also 
play a major role in the Tasmanian ecosystem as they are the largest extant native predator (Owen & 
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Pemberton 2005). As such, it is critical to capture and maintain as much genetic diversity from the 
wild as possible, and then return genetically, behaviourally and reproductively viable individuals to 
the wild to resume their role in the environment as soon as possible, once it is safe to do so. Selective 
contraception of devils with over-represented genotypes in free-range environments can help wildlife 
managers meet this challenge without exceeding the carrying capacity of the different environments.    
4.6 CONCLUSION 
In conclusion, 4.7 mg Suprelorin implants were shown to be safe and effective to use in female 
Tasmanian devils. Treatment resulted in a contraceptive duration of one to two breeding seasons, 
with no side effects on body weight, survival, trapability or movements on the island. Further studies 
should be conducted to assess whether treating devils in November (rather than January) prior to the 
breeding season could increase the rate of reversal and production of pouch young in the second 
breeding season after treatment. This appeared to be the case in females that were released on 
Forestier Peninsula, Tasmania, but the sample size needs to be increased in future studies to make 
accurate conclusions. 
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Supplementary
 
Supplementary Figure 4.1: Map of Maria Island showing the location of baited camera traps 
(black circles). Map image sourced from the LIST (www.thelist.tas.gov.au). 
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Supplementary Figure 4.2: Location of traps (red circles) and trap transects (black lines) for STDP 
sampling on Maria Island. Capture rates are represented by the size of the circle. Figure sourced from 
McLennan et al. (2018). 
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CHAPTER 5: CONTRACEPTION AS A POTENTIAL TOOL FOR MANAGING AN 
OVERABUNDANT BURROWING BETTONG (BETTONGIA LESUEUR) POPULATION  
5.1 BACKGROUND 
The work presented in this chapter investigates the efficacy and safety of Suprelorin contraceptive 
implants in free-ranging female burrowing bettongs at the Arid Recovery reserve. In contrast to the 
reproductive and genetic management required for the Tasmanian devil insurance metapopulation, 
the objective of the burrowing bettong population management is to reduce the overabundant 
population. Before broad-scale deployment of a contraceptive program in an attempt to achieve 
population management in this species, we needed to evaluate the safety of a potential contraceptive 
agent and determine its likely efficacy. Firstly, long-term capture data collected over 18 years were 
analysed to determine reproductive trends in the population. The aim was to use this information to 
give recommendations for implementation of a contraception program, specifically in regards to 
timing of delivery. A contraception pilot study was undertaken to determine the potential feasibility 
and efficacy of contraception as a management tool in this conservation-dependent population. 
I designed this study with Catherine Herbert and Katherine Tuft, with input from Katherine Moseby. I 
completed all fieldwork for the contraception trial including the capture and processing of burrowing 
bettongs at Arid Recovery. Processing the bettongs involved setting and checking traps, taking 
morphometric measurements and pouch observations, with the aid of numerous volunteers and Arid 
Recovery internship students. Katherine Tuft and Nathan Beerkens provided logistical support for my 
fieldwork, and training and assistance for trapping and handling the bettongs. Katherine Moseby 
provided me access to the long-term dataset and provided advice on the analysis. Evelyn Hall provided 
statistical advice and support. I analysed all data and wrote the manuscript. Catherine Herbert, Carolyn 
Hogg, Katherine Tuft and Katherine Moseby gave feedback on the manuscript. 
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Contraception as a potential tool for managing an overabundant burrowing bettong 
(Bettongia lesueur) population 
Abstract 
Wildlife populations that are held within an enclosed area for long periods will commonly become 
unbalanced demographically, genetically, or behaviourally due to the interruption of natural 
processes, and therefore require some form of corrective management. The Arid Recovery reserve in 
South Australia, established in 1997, is enclosed by a predator-proof fence, and houses several species 
of threatened and endangered arid-zone marsupials and rodents that were introduced to create a 
protected population. In the absence of terrestrial predators, the burrowing bettong (Bettongia 
lesueur) population has flourished to the point of overabundance, resulting in competition for 
resources and damage to vegetation. Contraception was considered as a non-lethal population 
management option, so long-term capture data were assessed to determine reproductive trends in 
the population, and a pilot study using contraceptive implants was conducted on female burrowing 
bettongs. Mean presence of pouch young was highest from April to July and lowest from November 
to January, suggesting a reduction in breeding over the austral summer months. Body condition did 
not affect the proportion of females with pouch young. Temperature, lagged rainfall (3, 5, 10 and 11 
months), and cumulative rainfall (previous 3, 4, 5, 6, 7, 8, 9 and 10 months) were not strong predictors 
of pouch status. The contraception trial was unable to determine the efficacy of Suprelorin implants, 
containing the gonadotrophin releasing hormone agonist deslorelin. This was due to the lack of 
breeding in both Suprelorin-treated and control females, likely caused by a prolonged drought and 
resultant lack of food resources. There were no effects of contraception on body condition, trapability 
or distance travelled between captures. Although Suprelorin implants were safe to use, and assuming 
they would be effective, it is unlikely that contraception will be a feasible management option at Arid 
Recovery. It has previously been estimated that nearly three quarters of the female bettong 
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population would need to be treated to stabilise the population, meaning that the labour and costs 
involved would be prohibitively expensive.  
5.2 INTRODUCTION 
Since European colonisation and the introduction of feral predators such as the domestic cat (Felis 
catus) and red fox (Vulpes vulpes), many species of small mammal in the critical weight range of 35 g 
to 5.5 kg are at risk of extinction or have become extinct (Burbidge & McKenzie 1989; Short & Smith 
1994; Johnson 2006). One such species is the burrowing bettong (Bettongia lesueur), once the most 
widespread of all potoroids in Australia, and now considered extinct in the wild apart from three 
offshore islands of Australia (Bernier, Dorre and Barrow) (Finlayson 1958; Short & Turner 1993; 
Claridge et al. 2007). The burrowing bettong is a rat kangaroo in the family Potoroidae weighing on 
average 1.26 kg,  and up to 2.0 kg (Short & Turner 1993; Short & Turner 1999), and listed as ‘near 
threatened’ on the IUCN Red List (IUCN 2018). They are the only macropod to inhabit warren systems, 
are nocturnal, and are mainly herbivorous, yet will eat invertebrates and a variety of foods including 
seeds, fruits, leaves and roots (Burbidge & Short 1983; Sander et al. 1997; Bice & Moseby 2008). 
Burrowing bettongs are polyoestrous and monovular, with an oestrous cycle of 23 days and gestation 
of 21 days, with post-partum oestrus occurring one day after birth (Tyndale-Biscoe 1968). The 
conceptus will enter embryonic diapause during lactation, after which development will resume, and 
birth occurs a few days after pouch exit of the previous young at around 115 days (Tyndale-Biscoe 
1968). The young reaches sexual maturity at around 280 days when the adult weight of 885 g is 
reached (Tyndale-Biscoe 1968; Short & Turner 1999). 
Burrowing bettongs were successfully reintroduced to Heirisson Prong in Western Australia in 1992 
from Dorre Island (Claridge et al. 2007). Individuals from Heirisson Prong were then introduced to the 
Arid Recovery reserve in South Australia in 1999 (10 individuals) and again in 2000 along with 
individuals from Bernier Island (20 individuals) (Moseby et al. 2011). This reintroduced population has 
established so successfully within the 123 km2 predator-proof fenced reserve that it is now considered 
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overabundant, damaging vegetation which in turn reduces resource availability for many other species 
within the reserve (Linley et al. 2016; Moseby et al. 2018b). It is likely that, at some stage, the 
population will reach carrying capacity and the population will stabilise or decline due to factors such 
as intraspecific competition (Moseby et al. 2018b). However, permanent damage due to overgrazing 
can occur before populations reach carrying capacity, which has welfare impacts if animals have 
limited food resources. In such cases where natural processes of predation and dispersal are 
prevented management action is necessary (A.C.T. Kangaroo Advisory Committee 1997; Mysterud 
2006).  
Marsupials living in arid zones are well adapted to surviving in an ecosystem with fluctuating resource 
availability due to the extremes in weather (Sadleir 1965). Population dynamics in arid-zone mammals 
are largely driven by variations in rainfall, food availability, and abundance of predators (Dickman et 
al. 2001), and these relationships have been best established for the large kangaroo species. Food 
availability is also known to affect population dynamics of large herbivores such as kangaroos (Frith 
1964; Frith & Sharman 1964; Ealey & Main 1967; Bailey et al. 1971). The red kangaroo (Macropus 
rufus) is an iconic Australian example of an herbivorous marsupial living in the arid zone. Like many 
other marsupials, they can carry a dormant blastocyst in diapause ready to resume development after 
pouch exit of their current young (Clark 1966). This mechanism is beneficial for rapidly increasing the 
rate of population growth when conditions improve in arid environments (Sadleir 1965). The rate of 
increase of red kangaroo populations in arid NSW has a positive correlation with 6 month lagged 
rainfall and food availability (Caughley et al. 1984; Bayliss 1985). Body condition in red kangaroos also 
reflects lagged patterns in rainfall (Moss & Croft 1999). Breeding in red kangaroos in the Northern 
Territory had a strong correlation to food availability, which in turn was related to the weather 
(Newsome 1966). Quality of the food available also had an impact on the rate of population increase 
following cessation of drought periods (Newsome 1966). The maximum rate of increase for western 
and eastern grey kangaroo (Macropus giganteus and Macropus fuliginosus) and red kangaroo 
populations were found to occur after rainfall 100mm and 50mm above the annual average in eastern 
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and western divisions, respectively, of western NSW (Caughley et al. 1984). As burrowing bettongs are 
adapted for surviving in arid zones, it is likely that their population dynamics will be dictated to some 
degree by environmental conditions. This may mean that it is possible to predict when the population 
is likely to experience a significant increase in fecundity, as for the kangaroos, and strategically time 
the deployment of contraceptive implants to increase the efficacy of a population management 
operation.  
Options for population control need to be empathetic to the endangered status of the species and the 
attitudes of the general public. It is for this reason that fertility control with the GnRH agonist 
deslorelin (Suprelorin implant; Virbac (Australia) Pty Ltd, Milperra, NSW, Australia) has been 
considered as a potential non-lethal tool for the management of this overabundant population. This 
study followed the framework and decision tree presented in Chapter 1.6 (Cope et al. 2018b). 
Therefore, the study aimed to understand the baseline characteristics of the population, and conduct 
a pilot study with Suprelorin implants in this species, before implementing a contraception program. 
More specifically, this study aimed to determine long-term reproductive trends in this population to 
determine the optimal time for delivery and any considerations for implementation of a contraceptive 
program. The analysis built upon a study by Moseby et al. (2018b) on the same population of bettongs, 
but included data from multiple exclosures within the reserve, and looked more specifically at 
reproductive trends rather than population trends. This study also aimed to assess the efficacy and 
safety of Suprelorin implants in female burrowing bettongs, and evaluate the feasibility of using 
contraception for population management at Arid Recovery and similar reserves. 
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5.3 MATERIALS AND METHODS 
Study site 
This study was carried out at the Arid Recovery reserve in Roxby Downs, South Australia (30°22'51.9"S 
136°54'01.3"E). The 123 km2 fenced reserve is divided into six exclosures with reintroduced species 
present in four of them, and encompasses an arid-zone ecosystem managed for the purposes of 
conservation, restoration, research and education. The mean annual maximum and minimum 
temperatures are 27.8°C and 12.6°C, respectively, and the mean annual rainfall is 149.9 mm (Bureau 
of Meteorology 2018). The dominant marsupial and rodent species reintroduced and protected within 
the reserve are the greater bilby (Macrotis lagotis), burrowing bettong, western barred bandicoot 
(Perameles bougainville), greater stick-nest rat (Leporillus conditor), western quoll (Dasyurus 
geoffroii), plains mouse (Pseudomys australis) and spinifex hopping mouse (Notomys alexis). The 
reserve includes several arid-zone habitats including longitudinal sand dunes and clay swales (see 
Moseby et al. (2018b) for further details). Rainfall data were sourced from the Olympic Dam Weather 
Station 10 km from the reserve (Bureau of Meteorology 2018). Long-term data on bettong 
demography was collected from annual capture-mark-recapture surveys, research projects, and 
opportunistic trapping events in several exclosures within the reserve, including the Main Exclosure, 
First Expansion, Second Expansion and the Northern Expansion. The contraception trial study site was 
within the First Expansion of the reserve (see Supplementary Fig. 5.1), along two dune systems 
surrounding the research station. 
Experimental design 
Long-term reproductive trends 
Long-term reproductive data were collected in annual monitoring surveys and were stored in a 
capture database compiled and maintained by Arid Recovery staff and Katherine Moseby (Moseby et 
al. 2018b). Data for female burrowing bettongs captured in the Main Exclosure, First Expansion, 
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Second Expansion and Northern Expansion was extracted and spanned 2000 to 2018, with 3,775 
individual records. Of these, 2,790 had pouch status recorded, and 2,752 of them also had body weight 
recorded. Removing individual records with pouch status of virgin, and body weight less than 885 g, 
left 2,479 records of sexually mature female captures. A virgin pouch is one that does not have everted 
teats and has a tight opening, whereas a sexually mature pouch has everted teats and has an enlarged 
opening (Nurse & Renfree 1994). Sexually mature pouches were classed as either ‘active’, ‘lactating’ 
or ‘inactive’. There were no records of sexually mature females captured in 2014, and none with both 
body weight and pes length in 2001 for assessment of body condition. There were 3,651 male 
burrowing bettongs recorded with body weight, and 1,151 of these had testes width recorded (in the 
same time frame and locations as stated for the females).  
Contraception trial 
For the contraception trial, female bettongs were randomly allocated to either a contraception (n = 
30) or control (n = 14) group at a 2:1 ratio upon initial capture (August 2017). This ratio was chosen 
based on an estimated 50% recapture rate over 12 months to ensure that enough females treated 
with contraceptives would be recaptured during the trial. Additional “untreated” control females 
could be included in later sessions to increase the sample size. The ratio also allowed for 
randomisation of treated and control animals throughout the study sites. Animals were trapped 
initially and treated over 10 nights in August 2017, and trapped again in the same locations in 
November 2017, March 2018 and June 2018 for a total of 1,597 trap nights (See Supplementary Fig. 
5.1 for trap locations, and Supplementary Table 5.1 for trap success details). This was to monitor 
reproductive status (by pouch observations), body weight and individual movements following 
treatment. A three monthly interval was chosen to take into account the 115 day pouch life of a 
bettong (Tyndale-Biscoe 1968) to minimise the chance of young going undetected, by being born and 
weaned between observations. The interval between trapping sessions had to be extended over the 
summer period when high temperatures limited the capacity to trap animals on welfare grounds. By 
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March 2018 there would still have been evidence of pouch young born during summer since 
November 2017 in the form of an elongated teat. When untagged females were captured after the 
initial trapping session, they were tagged and added to the control group, with 7 additions in 
November 2017, 3 in March 2018, and 5 in June 2018 for a total of 29 control females. These new 
control females were only included in reproduction and body condition analysis, and were excluded 
from trapability and movement analysis as they were not present for the duration of the study.  
Animal capture and handling 
Trapping 
Cage traps (20 x 20 x 60 cm possum cage traps with treadles) baited with peanut butter and oat balls 
were used for all bettong captures. For the long-term dataset, traps were set at 84 sites in the Main 
Exclosure during annual monitoring surveys and checked once overnight, with one trap at each site 
for one night in each monitoring event. From 2016 to 2018 the trapping effort was intensified and 160 
traps were set for 4 nights. Details of trap effort in the Main Exclosure are described in Moseby et al. 
(2018b) (see Supplementary Material 5.1 for excerpt). For the contraception trial, 20 to 30 cage traps 
were set 20 to 30 metres apart at dusk and checked an hour after sunset. After clearing, the traps 
were reset and checked again at sunrise. Traps were moved consecutively through three locations 
after three to four nights in each or when recapture rate exceeded around 80% to 90%, with a fourth 
location also used concurrently on some trap nights (see Fig. 5.1 for details of bettong captures and 
recaptures).  
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Figure 5.1: Numbers of male and female burrowing bettongs trapped on each of 8 to 10 trapping 
nights in a) August 2017, b) November 2017, c) March 2018, and d) June 2018. The x-axis denotes 
females by F, males by M, and trap night by #. Each stacked column (dashed border for males) presents 
new captures (white), recaptures from previous session (grey) and recaptures from the same session 
(black). The number of cumulative individual females trapped throughout the entire study period is 
represented by the grey line, and the number of traps open each night is represented by the dashed 
grey line. Arrows indicate when traps were moved (location 1, 2 then 3, as per Supplementary Fig. 
5.1). 
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Captured bettongs were transferred to a cloth bag where they remained for processing. All captured 
bettongs were marked with numbered ear tags and released at the point of capture. The bettong was 
weighed, then ear tag numbers checked or attached, body condition scored categorically (poor, fair, 
good or excellent), tail width, head length (base of skull to tip of nose) and pes (tip of longest toe to 
ankle) measured with vernier callipers, and reproductive condition checked. For males, combined 
testes width was measured with callipers and for females the pouch (virgin, active or inactive) and 
teat condition (teats everted, elongated teat, lactating or regressing teat; only measured for 
contraception trial) was recorded. The crown to rump length of any pouch young found was measured 
with callipers (head length was used instead for the contraception trial).  
Contraception trial 
Sexually mature females allocated to the contraception group were injected subcutaneously with a 
Suprelorin contraceptive implant (Virbac (Australia) Pty Ltd, Milperra, NSW, Australia; containing 4.7 
mg of the gonadotrophin-releasing hormone (GnRH) agonist, deslorelin) between the shoulder blades 
before being released. Suprelorin was selected due to its relatively short duration of effect and 
potential for reversibility, as seen in other marsupial species (Herbert et al. 2005; Herbert et al. 2006; 
Eymann et al. 2007; Wilson et al. 2013) (also see Chapters 2, 3, and 4). Reversibility is an important 
feature of contraceptive agents to be used on conservation-dependent species, to enable flexibility in 
the face of stochastic changes (Cope et al. 2018b). Deslorelin acts at the level of the pituitary to down-
regulate the reproductive axis and prevent ovulation (Ortmann et al. 2002). The implant is an opaque 
white 2.3 mm by 12.5 mm cylinder weighing 50 mg, and is inserted subcutaneously between the 
shoulder blades, although alternate placement sites are now being used to accommodate implant 
removal, such as the fleshy portion of the inner rear leg (AZA RMC 2018). The implant is designed to 
gradually dissolve, or it can be surgically removed if necessary (Moresco et al. 2014). 
Females in the control group received the same handling and data collection, but no injection or 
implant. All captured bettongs were given a unique marking on their rump and tail during each 
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trapping session to enable repeat captures to be individually identified while in the trap and released 
without the need for handling. This study was conducted with approval from the University of Sydney 
Animal Ethics Committee (Project number: 2017/1172), the Department of Environment, Water and 
Natural Resources, South Australia (Scientific research permit number: E26659-1) and the Arid 
Recovery Scientific Advisory Panel. 
Statistical analysis 
Long-term reproductive trends 
Data were transferred from the database into GenStat (18th Edition, VSN International Ltd.) for 
statistical analysis to determine any differences between exclosures, yearly and monthly trends in 
breeding, the effect of bodyweight and condition on breeding, changes in body condition over time, 
influence of weather parameters on breeding, and the correlation between various morphometric 
measurements of male bettongs.  
Reproduction was assessed by the percentage of active pouches (%Active; pouch young present) out 
of the total sexually mature pouches checked during each month. The proportion of active pouches 
was used as the response variate, rather than month of birth, as the age of young could not be 
calculated accurately. From the range of sizes recorded in the dataset, it appeared that measurements 
of pouch young included a mixture of head length, crown to rump length and body weight, but the 
method used was not recorded. Crown to rump length was the preferred measurement used, but 
there are no published growth curves for calculating age from this measure for this species. 
A size-adjusted body condition was assessed by calculating the cube root of body weight divided by 
pes length as per Short and Turner (1999). This was shown to be an appropriate measure as there was 
a significant difference and appropriate increasing trend in the mean size-adjusted body condition for 
each body condition category recorded (poor, 2.21 ± 0.1; fair, 2.30 ± 0.1; good, 2.38 ± 0.1; and 
excellent, 2.49 ± 0.1; p < 0.001), analysed using restricted maximum likelihood (REML). Body weight 
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was also categorised in weight classes of 881-1,000 g, 1,001-1,200 g, 1,201-1,400 g, 1,401-1,600 g, 
1,601-1,800 g, >1,801 g, to be comparable to the weight classes analysed by Short and Turner (1999). 
REML analysis was used to determine the differences in proportion of active pouches and body 
condition between exclosures, trends in reproduction over time, proportion of active pouches for each 
weight class, effects of body condition on proportion of active pouches, and changes in body condition 
over time. The correlation between the proportion of active pouches and one to 12 months lagged 
rainfall, two to 12 months cumulative rainfall and temperature was also assessed. The relationships 
between body weight, testes size, body condition, head length, tail width and pes length were 
assessed using correlations. 
Contraception trial 
For analysis of reproductive success after contraceptive treatment, the number of individuals with 
pouch young (PY) versus no pouch young (NPY) post-treatment was compared between treatment 
groups using a Pearson chi-squared test (GenStat). Tail width and size-adjusted body condition were 
highly correlated with body weight (p < 0.001), and were analysed with REML, with treatment and 
date as fitted terms and ear tag number as a random term to account for repeated measurements 
(GenStat). 
Trap success was calculated as the percentage of bettongs captured out of the total number of traps 
set. Individuals were categorised by the number of trapping sessions that they were captured in (1, 2, 
3 or 4), and the percentage of each treatment group in these four categories was compared using a 
Pearson chi-squared test (GenStat). The mean recapture rate (percentage of individuals in the group 
that were captured) for each trapping session was compared between treatment groups using a 
Pearson chi-squared test (GenStat). The effect of treatment group and trapping month on the mean 
number of recaptures per individual within a trapping session was analysed with REML (GenStat). 
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Movements were analysed by using Universal Transverse Mercator (UTM) coordinates to calculate 
the mean distance between successive captures using Pythagoras’ theorem. The effect of treatment 
group and trapping month was analysed using REML with ear tag number as a random effect to 
account for repeated measures (GenStat).  
5.4 RESULTS 
Long-term reproductive trends 
There was no difference between the reserve exclosures (Main, First, Second and Northern) for mean 
proportion of active pouches (p = 0.424) or size-adjusted body condition (p = 0.620). Therefore data 
for all exclosures were analysed together. The mean proportion of females with active pouches overall 
was 64.05 ± 3.24%, ranging from 0% to 100% at different time points. There was a significant 
difference in proportion of active pouches over time (p < 0.001), with effects of month (p < 0.001) and 
year (p < 0.001) (Fig. 5.2a, b). There was a peak in mean active pouches from April through July, with 
the lowest proportion of active pouches between November and January (Fig. 5.2b). It should be 
noted that November through February have the fewest records, as the extreme temperatures of the 
austral summer prevent trapping for animal welfare reasons. There were fluctuations in mean active 
pouch proportions between years, with a notable increase from 2006 to 2007 and decrease from 2016 
to 2017 (Fig. 5.2a). There was a difference in proportion of active pouches between weight classes for 
females (p < 0.001), with the proportion of active pouches within a weight class generally increasing 
with weight (Fig. 5.2c). When looking at the distribution of weight classes amongst females, the 
majority of female bettongs have a body weight between 1201 g to 1600 g (Fig. 5.2d).  
There was no effect of mean size-adjusted body condition on mean proportion of active pouches (p = 
0.886). Mean body condition did not change between months (p = 0.962), but there were differences 
between years (p < 0.001; Fig. 5.3). 
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Figure 5.2: Mean ± s.e. proportion of female burrowing bettongs with active pouches for a) year, b) 
month, and c) weight class; and d) the distribution of weight classes for females (excluding those with 
pouches recorded as ‘virgin’). 
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Figure 5.3: Mean ± s.e. size-adjusted body condition of female burrowing bettongs from 2000 to 2018. 
Although there were significant correlations (based on the p-value) between proportion of active 
pouches and temperature, lagged rainfall (3, 5, 10 and 11 months) and cumulative rainfall (previous 
3, 4, 5, 6, 7, 8, 9 and 10 months), none were strong predictors of pouch status based on the low 
correlation coefficients (< 0.70; Table 5.1) (Mukaka 2012). Body condition was not highly correlated 
with pouch status (correlation coefficient, -0.140; p = 0.206), supporting the REML analysis above for 
the effect of body condition on mean proportion of active pouches. 
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Table 5.1: Correlation coefficients for the relationships between the proportion of female burrowing 
bettongs with active pouches and various weather parameters that are significant at the p = 0.05 level. 
No variables are highly correlated as all correlation coefficients are < 0.7. 
Weather parameter Correlation coefficient  P-value  
Temperature -0.3345 0.002 
Lagged rainfall   
3 months 0.2291 0.037 
5 months 0.266 0.015 
10 months -0.2255 0.040 
11 months -0.3807 <0.001 
Cumulative rainfall   
3 months 0.308 0.005 
4 months 0.3654 <0.001 
5 months 0.4557 <0.001 
6 months 0.4911 <0.001 
7 months 0.4136 <0.001 
8 months 0.3425 0.002 
9 months 0.3169 0.004 
10 months 0.2457 0.025 
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For male burrowing bettongs, there was no significant difference in size-adjusted bodyweight 
between exclosures (p = 0.07). There were significant correlations between body weight, body 
condition, head length, tail width, testes width, and pes length (all p < 0.001), yet only body weight 
and body condition were highly correlated (correlation coefficient > 0.70). The next strongest 
correlation was between tail width and body weight. 
Table 5.2: Correlation matrix for male morphometric measures. Correlation coefficients greater than 
0.7 are in bold text. 
 Body 
weight 
Body 
condition 
Head 
length 
Tail 
width 
Testes 
width 
Pes 
length 
Body weight  -      
Body condition  0.9769  -     
Head length   0.3474  0.3333  -    
Tail width  0.6750  0.6519  0.3425  -   
Testes width  0.5260  0.5257  0.3664  0.4865  -  
Pes length  0.3182  0.1450  0.2139  0.2716  0.2360 - 
 
Contraception trial 
There was no difference in presence of pouch young (pouch young, PY; or no pouch young, NPY) 
between control and Suprelorin-treated females after treatment (χ2 = 2.75, 1 d.f., p = 0.097; Table 
5.3). Bettong #4584 in the control group was the only individual observed with successive PY, having 
had one at initial capture in August 2017 (head length 12mm; between 7 and 21 days old (Tyndale-
Biscoe 1968)), and again in June 2018 (head length 23mm; about 42 days old (Tyndale-Biscoe 1968)). 
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Table 5.3: Pouch status of female burrowing bettongs in control and contraception treatment groups 
at treatment (baseline) and up to 10 months post-treatment. Pouch status was classified as Pouch 
Young (PY), Lactating with No Pouch Young (Lactating ((NPY)), or No Pouch Young (NPY). 
 Pouch Type 
Baseline 
(Aug-17) 
Post-
treatment 
(Nov-17) 
Post-
treatment 
(Mar-18) 
Post-
treatment 
(Jun-18) 
Total 
post-
treatment 
Control 
PY 1  1 1 2 
Lactating (NPY) 1    0 
NPY 12 16 10 15 41 
Contraception 
PY 3    0 
Lactating (NPY) 2    0 
NPY 25 20 21 17 58 
 
Contraception did not have any effect on mean size-adjusted body condition (p = 0.695), yet body 
condition of all females changed over time (p < 0.001; Fig. 5.4). Female bettongs showed a decline in 
body condition in March 2018, which continued in June 2018 when they were in the poorest condition. 
Reflecting body condition, tail width changed over time (p < 0.001) but there was no effect of 
contraception (p = 0.462; Fig. 5.4). Tail widths were greatest in November 2017, and smallest in June 
2018. 
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Figure 5.4: Mean ± s.e. size-adjusted body condition (columns) and tail width (mm; lines) for female 
burrowing bettongs in treatment groups, control (black column, closed circles ⚫) and contraception 
(white columns, open circles ) for four trapping sessions from August 2017 to June 2018.  
Trap success was 86.98% for the contraceptive study period consisting of a total of 1,597 trap nights. 
Failed traps contributed 10.27%, and there were non-target species in 2.76% of traps. During the trial, 
20.45 ± 3.08% of originally caught female bettongs were transients (only captured once), and 79.55 ± 
3.08% female bettongs were syntopic (caught more than once). There was a difference between 
treatment groups in the number of sessions that individuals were captured (χ2 = 18.79, 3 d.f., p < 
0.001). More Suprelorin-treated females were captured in three sessions than controls, with more 
control females therefore being captured in only one or two sessions (Fig. 5.5). However, there was 
no difference in recapture rates between treatment groups during the study (χ2 = 2.55, 3 d.f., p = 
0.467), with rates dropping from 100% in August 2017 to a mean of 51.65% by the fourth session in 
June 2018 (November 2017, 63.8 %; March 2018, 60%). Contraception had no effect on the number 
of times that individuals re-entered traps within a session (p = 0.464), yet there was a difference over 
time (p < 0.001), with June 2018 having a greater rate of individual recaptures than any other session 
(Fig. 5.6). There was no effect of contraception (p = 0.426) or month (p = 0.851) on distance between 
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successive captures for control versus Suprelorin-treated females. Control and Suprelorin-treated 
females travelled, on average, 135.0 ± 20.4 m and 118.6 ± 20.4 m, respectively, between successive 
captures. 
 
Figure 5.5: Proportion of female burrowing bettongs in Suprelorin (n = 30) and control (n = 14) 
treatment groups captured in one, two, three, or four of four trapping sessions (Aug 2017, Nov 2017, 
Mar 2018, and Jun 2018). 
 
Figure 5.6: Mean individual recaptures per trapping session for female burrowing bettongs in control 
(black columns) and Suprelorin (white columns) treatment groups from August 2017 to June 2018. An 
asterisk indicates time points that were significantly different. 
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5.5 DISCUSSION 
Here we describe long-term reproductive trends for female burrowing bettongs at the Arid Recovery 
reserve. This information is useful to enable Arid Recovery to make decisions regarding the 
deployment of population management techniques such as contraception. Unfortunately, the efficacy 
of Suprelorin contraceptive implants was unable to be determined in burrowing bettongs, likely due 
to the overpowering effect of the prolonged dry conditions (see Supplementary Fig. 5.2 for rainfall 
data). Assuming that the Suprelorin implants were having a suppressive effect on reproductive 
hormones, yet masked by the dry conditions, this study provides evidence that they are safe for use 
in female burrowing bettongs. Contraception had no effect on body condition, recapture rate or 
movements of treated individuals relative to controls. 
Our analysis of the relationship between the proportion of females with pouch young and rainfall 
(lagged and cumulative), temperature and body condition found significant, yet not highly correlated, 
variables (correlation < 0.50). This was surprising, as in other arid-zone marsupials, lagged rainfall was 
found to be highly correlated with breeding in the red kangaroo (Caughley et al. 1984; Bayliss 1985), 
and the abundance of mulgara (Dasycercus cristicauda) (Dickman et al. 2001). The abundance of the 
wongai ningaui (Ningaui ridei) was related to lagged minimum temperature (Dickman et al. 2001). The 
relationship between variables for burrowing bettongs was low, and the statistically significant p-
values likely resulted from having a large sample size. The inability to calculate birth month of pouch 
young meant that we were capturing records from anywhere in the three to four month duration of 
pouch life (Tyndale-Biscoe 1968). By using the proportion of active pouches to measure reproduction, 
this may have reduced the strength of the correlation to rainfall by losing specificity in the timing of 
breeding. Also, the low correlation coefficients might indicate that there are other, more significant 
variables, which were not included in this study. This is supported by findings from Moseby et al. 
(2018b), who showed that the proportion of females with pouch young was strongly correlated with 
ruby saltbush cover; a variable not included in our analysis. Our study examined the rainfall variables 
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in more detail to assess the relationship with the proportion of females with pouch young at a monthly 
level, rather than annually, but did not find any predictor of breeding. Differences in the proportion 
of females with active pouches were also examined across months and between weight classes. Based 
on this analysis, we recommend delivering contraceptives in February or March when there are the 
fewest pouch young and prior to the rise in proportion of active pouches in April (yet after the heat of 
summer when trapping is problematic), and to target females in the weight range of 1201g to 1600g. 
Although the relationship between rainfall and breeding was not as strong as expected, rainfall does 
have an impact on the availability of ruby saltbush, which was related to the proportion of females 
with pouch young in another study (Moseby et al. 2018b). In this way, the extended drought likely had 
an indirect effect on bettong breeding for the duration of the contraception trial because there was 
probably fewer succulent plants around. Although not statistically significant, two control females had 
pouch young following treatment compared to no Suprelorin-treated females. This is a slight 
indication that the Suprelorin may have been working, and the reduced reproduction rate in the 
control females was a result of the poor conditions and resultant reduced availability of ruby saltbush. 
The negative effect of the extended dry period was evident in the declining body weight and tail width 
measurements, and the increase in ‘poor’ body condition types in both treatment groups, particularly 
in June 2018. This decline continued in the reserve, with an average reduction in bettong track counts 
of 78% from July to October 2018 across the four southern compartments (Main Exclosure, First 
Expansion, Second Expansion and Northern Expansion), and a decline of 91% in the First Expansion 
where the contraception trial was conducted (Arid Recovery, pers. comm.). 
Potential side effects of contraception could be related to the absence of energy output used for 
reproduction, lactation and caring for young (Prentice & Prentice 1988; Cork 1991; Krockenberger 
2003). In this case, neither groups had pouch young following treatment, so the inherent effects of 
the implant on female bettongs could be assessed without the confounding effects of pouch young in 
control animals. Weight gain can be a common side effect of contraception, due to an increased 
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appetite and reduced energy expenditure (AZA RMC 2018), but in this study there was no effect of 
contraception on body condition. It has been observed in female koalas treated with gestagen 
contraceptive implants that they travelled uncharacteristically long distances out of their normal 
range (Hynes et al. 2011). Some other untreated females with no young also travelled similar 
distances, indicating that this behaviour was a result of the lack of dependent young, rather than the 
contraceptive itself. In this study, all female bettongs travelled similar distances between successive 
captures, indicating no effects of contraception itself. Due to the low overall reproductive rate we 
cannot assess any potential effects of the presence or absence of dependent young on movements. 
The mean distances of 135.0 ± 20.4 m and 118.6 ± 20.4 m for control and Suprelorin-treated females, 
respectively, fits within the range of 60 m to 2.2 km (median 170 m for females) for bettongs on 
Bernier and Dorre Islands (Short & Turner 1999), and is shorter than the mean distances of 316 ± 51.1 
m (range 10.3 to 1,768 m) (Moseby et al. 2018a) and 320 ± 40 m (Finlayson & Moseby 2004) travelled 
by bettongs at night from their warren in the Main Exclosure at Arid Recovery. A control bettong was 
caught in the two traps that were the largest possible distance apart in our trap layout (660m), so it is 
possible that the bettongs may have travelled further. The mean distance between successive 
captures is useful for understanding and comparing the scale of individual movements in small 
mammals and reptiles (Davis 1953; Tinkle & Woodward 1967; Worton 1987; Burnett 1992; Efford 
2004). This study supports the findings of Chapter 4 where the movements of free-ranging Tasmanian 
devils were not found to be affected by contraception on Maria Island, and Chapters 3 and 4 where 
contraception did not affect Tasmanian devil body weight. 
It has been hypothesised that contraception could affect trapability by increasing appetite (AZA RMC 
2018), and therefore affect motivation or boldness to enter a trap to access the bait. This was not 
observed, with changes in trapability only occurring over time. The greater frequency of recaptures 
per individual in the same trapping session in June 2018 is possibly due to a reduction in individuals 
present in the population, therefore reducing the competition for traps. This is supported by the 
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roughly 50% reduction in recaptures of the same individuals by the end of the study, and by the 
increased number of bettong carcasses seen in the study area at this time (pers. obs.). 
Although it would be inefficient to use contraception on males for population control purposes, as the 
remaining fertile males have the opportunity to mate with many females (Adderton Herbert 2004; 
Tribe et al. 2014), it is still important to understand their basic characteristics. Burrowing bettongs do 
not exhibit sexual dimorphism or stable male dominance structures (Sander et al. 1997), so larger 
body sizes would not necessarily be expected to be correlated with larger testes size. This was 
supported by the finding that there were no strong correlations between body weight, pes length, 
head length and testes width in this study. 
A GnRH challenge could have provided additional insights into the contraceptive efficacy of Suprelorin 
in bettongs, by directly testing hormonal competence (similar to that performed in the devils, see 
Chapter 2), but due to limited funding this was not achievable at this time. Undertaking a GnRH 
challenge in the future will determine the contraceptive efficacy at a hormonal level (Scheele et al. 
1996), without relying on the production of pouch young.  
5.6 MANAGEMENT IMPLICATIONS 
In terms of feasibility and efficiency, the use of Suprelorin implants for population control is not likely 
to be effective for the extensive nature of the Arid Recovery reserve, the large size of the bettong 
population, and the numbers that would need to be treated to be effective. In August 2017, it took 
two people ten nights of trapping with 20 to 30 traps (408 trap nights) at four locations in the First 
Expansion to capture 44 sexually mature female bettongs (Fig. 5.1a). This was highly labour-intensive. 
Most, but not all, of the females in the area were trapped initially, as additional untagged adult 
females were captured on subsequent trapping sessions (although these may have travelled into the 
area; Fig. 5.1b, c, and d). There was a high number of same session recaptures during the 
contraception trial (Fig. 5.1), which increases the inefficiency of trapping and treatment, although this 
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may be less of a hindrance in lower density areas of the reserve or if traps were spread further apart. 
Fig. 5.1 also highlights the male bias of trapped individuals. 
Moseby et al. (2018b) indicates that one third of the population in the Main Exclosure would need to 
be removed every year to stabilise the population size, equating to nearly three quarters of the 
females in that Exclosure requiring contraception, based on the 2016 population estimate of 1532 
individuals with a 1.23:1 male to female ratio. The area covered by the contraception study was only 
a small proportion of the First Expansion (see Supplementary Fig. 5.1), so the effort required to 
capture nearly three quarters of the females in this exclosure can be presumed to be huge. Further 
population viability analysis (PVA) modelling would need to be completed once the duration and 
efficacy of contraception has been determined in bettongs to calculate the proportion and frequency 
of treatment required. The cost of Suprelorin implants and the labour intensive trapping required to 
treat enough females is also restrictive for application in reserves of this size (see Table 5.4). The cost 
of the 4.7 mg Suprelorin implant will vary greatly depending on the source and arrangement with the 
supplier (Virbac); as of August 2018 Virbac provides each 4.7 mg implant to veterinary clinics for 
AU$70 (Virbac Aus., pers. comm.), and they are distributed by Virbac at US$30 under an Investigation 
New Animal Drug (INAD) agreement with the FDA only to AZA-accredited institutions in the United 
States (AZA RMC, pers. comm.). For large reserves like Arid Recovery, it is likely that reintroduced 
native predators such as western quolls (Dasyurus geoffroii) and passive removal via one-way gates 
will be the most effective options for controlling populations of small herbivores like the burrowing 
bettong (Crisp & Moseby 2010; Beerkens et al. 2018; Moseby et al. 2018b). Studies on the use of one-
way gates and quolls in the reserve are ongoing. With further efficacy studies, Suprelorin could be a 
useful tool for managing breeding of female burrowing bettongs in smaller reserves and wildlife parks 
as animals are more accessible and there may only be smaller numbers of females needing treatment. 
This could be particularly useful for closely related display animals, where breeding is undesirable for 
the duration of their exhibition. 
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Table 5.4: Estimated costs associated with stabilising burrowing bettong populations of various sizes. 
Population size Number of females to treat* Cost of implants** 
100 33 of 45  $2310 
500 167 of 224  $11,690 
1000 333 of 448  $23,310 
3000 1000 of 1345  $70,000 
*assuming that 1/3 of the population needs to be treated, and there is a ratio of 1.23:1 male to female 
bettongs. 
** Based on a cost of $70 ea. 
Conclusion 
This research has contributed to our understanding of burrowing bettong reproduction and gives an 
indication of the potential utility and safety of contraception at the Arid Recovery reserve. A 
contraception trial should be repeated at this reserve or a smaller wildlife park to determine the 
efficacy of 4.7 mg Suprelorin implants in burrowing bettongs, as it could be a valuable tool for 
controlling reproduction in smaller populations held in various housing situations. 
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5.7 SUPPLEMENTARY 
Supplementary Material 5.1: Excerpt from Moseby et al. (2018b, p. 79), describing trap effort for 
annual monitoring surveys: 
 “Cage trapping for bettongs was undertaken on an annual basis in September from 2001 to 
2011. A larger trapping event occurred in July and August 2013 and annual trapping resumed 
again in 2016. Between 2001 and 2010, trapping was undertaken at 84 trap sites in the Main 
Exclosure (Fig. 1), with one trap placed at each site and trapped for one night during each 
monitoring event. In 2013, bettongs were trapped over 1754 trap nights in the Main Exclosure 
to remove animals due to high population abundance. Traps were placed in a number of 
different locations throughout the Main Exclosure at varying trap effort but over the same 
sampling area (1400 ha Main Exclosure) as previous years. In 2011 and 2016 trapping occurred 
at the same 84 trap sites as 2001 to 2010 but traps were checked over multiple days to 
increase trap effort. The trapping region size (1400 ha) remained the same throughout the 
sampling years and was confined to the Main Exclosure, with only the effort differing between 
seasons.” 
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a) 
 
b) 
 
Supplementary Figure 5.1: Map of the Arid Recovery reserve showing, a) the entire reserve and its 
location in relation to Australia, sourced from Moseby et al. (2018b), and b) satellite image of cage 
trap locations (yellow icons) within the First Expansion (depicted by a star on 1.a) (Google Earth Pro, 
2018, Google LLC). Traps were moved between location one (traps numbered 1 – 20), location two 
(traps numbered 31 – 50), then location three (traps numbered 51-61), and location four (traps 
numbered 21-30) were used concurrently on some trap nights. 
100m 
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Supplementary Table 5.1: Trap success records for the period including August 2017 – June 2018. 
  Aug-17 Nov-17 Mar-18 Jun-18 ALL 
Successful traps (bettong): 326 318 363 382 1389 
Failed traps: 60 40 36 28 164 
Other species: 22 9 8 5 44 
Total Trap Nights: 408 367 407 415 1597 
 
 
Supplementary Figure 5.2: Mean monthly rainfall (mm) for Roxby Downs (Olympic Dam Aerodrome 
weather station) from 1997 to 2018 (black columns) and monthly rainfall (mm) for 2017 (grey 
columns) and 2018 (white columns). Data sourced from the Bureau of Meteorology (2018). 
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CHAPTER 6: GENERAL DISCUSSION 
This chapter reviews the main results from each chapter to provide an understanding of the overall 
outcomes and the applications of this research for management of conservation-dependent species. 
The results are discussed and compared to the use of contraceptives in other threatened marsupial 
species in relation to their efficacy, potential side effects and application. A reflection back to the 
review from Chapter 1.6 is then made, outlining how the proposed framework for implementation of 
contraception in management programs has been applied in the studies in Chapters 2 through 5. In 
this way, this work presents a real-world application of the ideas presented in the review. Finally, 
questions that arise or remain unanswered from this thesis are discussed as avenues for future 
research.  
6.1 SUMMARY OF RESULTS 
This thesis is comprised of studies into the use of contraception on two conservation-dependent 
species; the Tasmanian devil (Sarcophilus harrisii) and the burrowing bettong (Bettongia lesueur). This 
work fills a previous knowledge gap on the use of gonadotrophin releasing hormone (GnRH) agonist 
contraceptive implants (Suprelorin 4.7 mg implant; Virbac [Australia] Pty Ltd, Milperra, NSW, 
Australia) in these species, and provides recommendations for their use in relevant conservation 
management programs. 
The results from these studies are summarised below: 
1. Suprelorin implants containing the GnRH agonist deslorelin were effective at suppressing 
reproduction in female Tasmanian devils, but had the opposite effect in males by increasing 
testosterone (Chapter 2). Further studies in Chapters 3 and 4 therefore focused only on 
females. 
2. Suprelorin 4.7 mg implants were effective at suppressing reproduction in a majority (80 - 
100%) of female devils for at least one breeding season after treatment, with evidence of at 
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least partial recovery in the second season. This was indicated by progesterone profiles 
(Chapter 2), pituitary responsiveness (assessed by GnRH challenge; Chapter 2) and pouch 
scores (Chapters 3 and 4).  
3. There was a dose-response effect of Suprelorin implants on the duration of effect, rather than 
magnitude of effect in devils, but this was not a one to one relationship (Chapter 2). Females 
remained hormonally suppressed for one breeding season on the low dose (4.7 mg) 
treatment, and up to two on the high dose treatment (2 x 4.7 mg). 
4. When treated with Suprelorin implants (4.7 mg) in January, devils were prevented from 
reproducing in the upcoming breeding season beginning in February (Chapters 3 and 4). There 
was a potential return to oestrous and breeding in the second season (one year after the first), 
although this was highly variable between individuals. Reversal in the second breeding season 
appeared to be more successful when females were treated in November, rather than 
January, as the contraceptive effect had more time to diminish (an additional two months). It 
should be noted that this observation in regards to November is from only two females and 
so warrants further investigation (see future research below). 
5. Contraception did not cause weight gain in free-ranging devils at the low dose (4.7 mg) 
(Chapters 3 and 4). Intensively housed females given the high dose Suprelorin (2 x 4.7 mg) 
appeared to be heavier than control females after treatment, but due to confounding effects 
it was difficult to discern whether contraception caused weight gain (Chapter 2). 
6. Female devils treated with a higher dose of deslorelin (2 x 4.7 mg Suprelorin implants) had 
higher packed cell volume, red cell count and haemoglobin concentrations than untreated 
females. However, the blood values remained within normal levels and there were no 
associated negative consequences of treatment with two implants (Chapter 2). 
7. Contraception did not appear to have any effect on time spent feeding, order of arrival at 
food, or number of wounds in devils in free-range enclosures, suggesting no alterations to 
social structure (Chapter 3). 
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8. Trapability, survival and movements around Maria Island remained unaffected for free-
ranging Tasmanian devils treated with 4.7 mg Suprelorin implants (Chapter 4). This was 
beneficial, as it is preferable for devils not to range further towards urban areas, roads or 
people when released into the wild. 
9. The studies in Chapters 2, 3 and 4 show that contraception is a useful tool for managing the 
Tasmanian devil insurance metapopulation. There were no apparent negative side effects, yet 
care should be taken when using the high dose in captivity as there may be potential for 
weight gain. Suprelorin implants can be used in intensive housing, free-range enclosures and 
landscape isolated areas such as Maria Island and the Forestier Peninsula for females that 
have already reproduced, or are over-represented genetically, but are still required for 
demographic stability. 
10. The efficacy of Suprelorin implants in female burrowing bettongs was unable to be 
determined due to the confounding effect of the prolonged dry environmental conditions. 
This is likely to have caused a drop in overall reproductive rate due to the decreased 
availability of succulent plants. None of the treated females had pouch young within 10 
months after treatment, while only two out of up to 29 control females produced pouch young 
in this time (Chapter 5).  
11. Suprelorin implants had no negative side effects on body weight, trapability or movements of 
burrowing bettongs within the environment (Chapter 5). 
12. It is likely that contraceptive implants will not be an appropriate solution for the 
overabundance of burrowing bettongs at the Arid Recovery reserve due to the extensive 
nature of the reserve. The large population size, the labour-intensive trapping required to 
catch enough female bettongs for treatment, and the cost of the implants are contributing 
factors to this recommendation. If the efficacy of Suprelorin can be demonstrated in bettongs, 
they could be useful for smaller wildlife parks and reserves that may need to prevent breeding 
in certain individuals. 
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6.2 EFFICACY OF SUPRELORIN IMPLANTS IN THREATENED MARSUPIALS 
The review presented in Chapter 1 (Cope et al. 2018b) discussed important considerations involved in 
selecting a contraceptive agent, including reversibility, predictability, safety, ease of delivery, cost 
effectiveness and the gender to target. For Tasmanian devils, several of these questions were 
unknown, hence a pilot study was conducted, as directed by following the decision tree presented in 
Fig. 1.6.1 (repeated here in Fig. 6.1). Comments have been superimposed on to Fig. 6.1 as a worked 
example of how this decision tree was applied in the selection and study of Suprelorin contraceptive 
implants for managing reproduction in Tasmanian devils.  The pilot study gave an indication of the 
predictability, safety, ease of delivery and gender to target (Chapter 2). From there, we conducted 
studies in a step-wise progression from hormonal and physiological studies in intensively housed 
devils, through to more applied studies in wild free-ranging devils (Chapter 2, 3 and 4). Likewise, our 
contraception trial on burrowing bettongs was a pilot study (Chapter 5), but failed to elucidate 
reversibility and predictability, and gender to target was not studied based on the lack of effect in 
other male marsupials. 
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Figure 6.1: Stylised decision tree for selecting a contraceptive agent to use in a particular species, with 
a worked example for the Tasmanian devil insurance population superimposed. Sourced from Cope 
et al. (2018b).  
Around 1- 2 years in other 
marsupials (Table 6.1) 
None detected in other 
marsupials (see Table 6.1) 
GnRH agonist implant 
(Suprelorin 4.7 mg) 
No, so a pilot 
study was 
conducted 
The pilot study 
(Chapter 2) 
indicated the safety 
and efficacy of 
Suprelorin implants 
in female devils and 
lack of effect in 
males. 
Demonstrated by the pilot 
study and then supported by 
Chapters 2, 3, and 4. 
Further assessed in Chapters 2, 3, and 4; 
no detrimental effects detected. 
Yes; 1 - 2 years/breeding seasons 
in devils (Chapters 2, 3, and 4) 
Now used in devil insurance population  
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Understanding the efficacy of a contraceptive agent is critical before it can be incorporated into 
management programs. For example, if a contraceptive is only effective in 50% of target animals, it 
would not be appropriate to assign breeding recommendations for group-housed animals while 
relying on the contraceptive to prevent undesirable breeding. Further, the contraceptive would be 
inappropriate for use in breeding programs if it’s duration of effect varies from one month to two 
years between individuals, or is less than the length of the breeding season. There may be species 
where certain contraceptive types have no effect on reproduction, or have unacceptable side effects. 
It is for these reasons that a pilot study is needed to determine if the selected contraceptive agent will 
be useful for that specific species, situation and purpose. It is also important to consider previous 
studies of contraception in similar species, for an indication of the utility of potential contraceptive 
agents. 
Prior to selecting a contraceptive agent for Tasmanian devils and burrowing bettongs, it was important 
to refer to studies in similar species. GnRH agonist contraceptives have been used successfully in other 
threatened marsupials, including the black-flanked rock-wallaby (Petrogale lateralis) and koala 
(Phascolarctos cinereus; Table 6.1). Black-flanked rock-wallabies are listed as Vulnerable (IUCN 2018), 
yet had become locally overabundant on rocky outcrops in the West Australian wheat-belt following 
predator suppression efforts (Kinnear et al. 1998; Kinnear et al. 2010). Female rock-wallabies in one 
of these populations were treated with Suprelorin implants to determine the efficacy, safety and 
duration of effect (Willers 2012; Willers et al. 2015). A single 4.7 mg implant had a contraceptive 
duration of at least 818 days, or 27 months, with successful reversal and breeding after the 
contraceptive effect had worn off (Willers et al. 2015). It was found that two implants had no benefit 
over a single implant in efficacy, duration of effect or in reducing individual variability (Willers et al. 
2015). The GnRH agonist Suprelorin has also been trialled in koalas. Koalas are listed as Vulnerable 
(IUCN 2018), yet can become overabundant in south eastern parts of Australia (McLean 2003). 
Therefore, contraception was trialled as a potential population control (Herbert 2002). A 5 mg 
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deslorelin implant was not effective in a small sample of male koalas, but did suppress reproduction 
in females with a duration of effect ranging from 229 days to more than 660 days (Herbert 2002).  
Although not threatened marsupial species, GnRH agonist contraceptives have also been used in 
eastern grey kangaroos (Macropus giganteus), tammar wallabies (Notamacropus eugenii), western 
grey kangaroos (Macropus fuliginosus) and fat-tailed dunnarts (Sminthopsis crassicaudata; Table 6.1) 
(Herbert et al. 2004a; Herbert et al. 2006; Mayberry 2011; Witt et al. 2018). A duration of effect of 
559 ± 111 days (10 mg) for kangaroos and 515 ± 87 days (5 mg) for wallabies highlights the inter-
species differences. These studies also highlight the variability between species in duration of effect 
based on dose per kg bodyweight. Tammar wallabies treated with 0.72 mg/kg deslorelin (based on 
the average published bodyweight for the species) do not have a duration of effect nearly three-fold 
that of eastern grey kangaroos that were given roughly one third of the dose (0.25 mg/kg; Table 6.1). 
On the other hand, a 0.77 mg/kg dose for Tasmanian devils resulted in a shorter duration than a 
relatively similar dose for tammar wallabies (0.72 mg/kg; Table 6.1). There are also different 
formulations of GnRH agonist available, such as the Lucrin Depot (AbbVie; leuprorelin acetate) which 
has been used for synchronising oestrous cycles in fat-tailed dunnarts (Witt et al. 2018). Lucrin 
suppressed reproduction for four to eight weeks, with successful reversal and breeding after 16 weeks 
(Witt et al. 2018). In some situations where animals are easily accessible for treatment, it may be 
preferred to use repeated doses of a short-term contraceptive such as the Lucrin Depot to ensure 
reversal can be induced within a short time frame for threatened species. An example of this would 
be species held in intensive captive institutions in small groups where breeding may be undesirable 
but rapid reversal is required. 
The range in duration of contraceptive effect seen in various marsupial species highlights the 
importance of understanding basic biological characteristics, such as the reproductive lifespan of 
individuals, along with situation-specific requirements of the contraception program. For example, the 
Tasmanian devil will generally breed once a year for three years of its life (Guiler 1978; Jones et al. 
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2007; Jones et al. 2008), whereas the koala will breed once a year for 10 to 15 years (Lee et al. 1991). 
Suprelorin will prevent reproduction for one to two years for both species, yet this equates to a large 
proportion of the reproductive potential of the devil and only a small proportion for the koala. A short 
duration may be desirable for a koala in a breeding program or zoo situation, yet a longer duration 
may be required to reduce the growth of overabundant populations. In this case the long-acting 
levonorgestrel implant would be a better option (Ballantyne et al. 2016) (Table 6.1), as this would 
equate to more than 50% of the reproductive lifespan. Similarly, a longer duration provided by 
levonorgestrel implants may be preferred for eastern grey kangaroos and tammar wallabies in some 
situations (Table 6.1). By following the decision tree and framework for implementation presented in 
Chapter 1.6 (Cope et al. 2018b), these considerations and issues can be assessed to select the most 
appropriate contraceptive agent for the proposed situation. 
For the purposes of controlling the numbers of offspring produced in a population, it is most efficient 
to administer contraception to females. Targeting males is less effective, as the remaining fertile males 
have the opportunity to mate with many females, and females will continue cycling (up to three times 
in the breeding season for Tasmanian devils (Keeley et al. 2012b)) until they conceive (Adderton 
Herbert 2004; Tribe et al. 2014). The ability to prevent breeding in selected males would be beneficial 
for the purposes of controlling genetic contributions of individuals to a captive breeding program such 
as the Save the Tasmanian Devil Program’s (STDP) insurance metapopulation. As we found Suprelorin 
implants not to be effective in male devils, the only option to prevent males from breeding is to keep 
those that are not required or are undesirable for breeding separate from females. Such individuals 
may be candidates as ambassador animals in wildlife parks and zoos (Hutchins et al. 2003). For male 
devils that are given breeding recommendations, they can be introduced to singular females in 
intensive housing, or housed in free range enclosures with access to multiple suitable females. 
It was hypothesised that Suprelorin implants could be used in male Tasmanian devils to reduce 
testosterone and thereby reduce aggressive behaviour (Delville et al. 1996; Asa & Porton 2005). It was 
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thought that this could decrease conflicts between males in the wild that result in transmission of 
devil facial tumour disease (DFTD) (Swift & Pearse 2006). However, research into contact networks 
indicates that targeting sex classes would not facilitate the control of DFTD (Hamede et al. 2009). 
Nevertheless, reduced aggression could still provide benefits in group housing situations to potentially 
reduce the incidence of injuries. Although the increase in testosterone exhibited by male Tasmanian 
devils treated with Suprelorin implants was disappointing, it was not entirely unprecedented. There 
are a range of species-specific responses of males to GnRH agonist treatment, with increases (Lincoln 
1987; D'Occhio & Aspden 1996), decreases (Trigg et al. 2001; Eymann et al. 2007; Arlt et al. 2010; 
Kauffold et al. 2010; Goericke-Pesch et al. 2011; Melville et al. 2012) or no change (Melson et al. 1986; 
Lunn et al. 1990; Lunn et al. 1992; Ronayne et al. 1993; Bergfeld et al. 1996; Herbert et al. 2004b) in 
testosterone concentrations being expressed. There was no reduction in testes size for male devils 
seen after 6 weeks (Chapter 2), so it is likely that, like male tammar wallabies (Herbert et al. 2004b), 
male devils are resistant to the anti-reproductive effects of Suprelorin treatment. 
In female devils, Suprelorin implants (4.7 mg) suppressed reproductive hormone activity in 80% of 
those in single-sex housing (n = 10; Chapter 2), and prevented the production of offspring in 100% of 
devils in mixed sex housing (n = 16; Chapters 3 and 4) in the first year. Two 4.7 mg implants suppressed 
reproductive hormone activity in 100% of females in the first year (n = 5; Chapter 2). The lower dose 
of 4.7 mg in devils appeared to be sufficient to prevent production of offspring, yet some individuals 
were still capable of mounting a (somewhat diminished) hormonal response to GnRH stimulation 
within the first year of treatment. Possibly this dose is close to the threshold required for complete 
suppression in some devils. Females given two 4.7 mg implants did not mount a significant response 
to the GnRH challenge within the first 12 months of treatment, showing that the higher dose caused 
complete suppression in treated individuals in the first breeding season. 
The duration of effect of one to two breeding seasons after treatment with a single 4.7 mg Suprelorin 
implant appears to be appropriate for female Tasmanian devils as it allows the potential for them to 
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breed again after treatment. All devils studied in Chapters 2, 3 and 4 were treated with Suprelorin 
implants in January of their relevant years, except for a group of females that were treated with 
contraception in November 2015 prior to release onto Forestier Peninsula (unpublished data). In the 
latter group, this prevented them from breeding in March the next year, with successful production 
of offspring in the following year (n = 2), after contraceptive reversal. As such, delivering implants two 
months earlier (in November) has the likely benefit of improving the reliability of breeding resumption 
in the second breeding season after treatment. This is an avenue for further investigation.  
Determining the reversibility of Suprelorin implants in Tasmanian devils was a high priority for this 
research, once efficacy and safety were established. In the Suprelorin pilot study on Tasmanian devils 
(Chapter 2), it was seen that in the second year after treatment, females resumed progesterone cycles, 
but they were somewhat diminished compared to control females. This supports the findings of the 
US Association of Zoos and Aquariums Reproductive Management Centre (AZA RMC), who indicate 
that there is a transition phase during reversal where follicles grow and produce oestrogen, yet there 
is no ovulation (AZA RMC 2018). Time to reversal is also greatly variable between individuals (Asa & 
Porton 2005; Herbert et al. 2006; AZA RMC 2018), as evidenced by the range of pouch statuses seen 
in devils in the second breeding season after Suprelorin treatment on Maria Island and Forestier 
Peninsula (Chapter 4). Therefore, it would not be recommended to give contraception to genetically 
valuable individuals in the event that they do not reverse within their three year reproductive lifespan 
(Guiler 1978; Jones et al. 2007; Jones et al. 2008), or the implant should be surgically removed at the 
end of their suppressed breeding season to accelerate reversal (Moresco et al. 2014). The AZA RMC 
now suggest alternate placement sites for implants to facilitate surgical removal, such as the fleshy 
portion at the base of the ear, inner area of the leg, or umbilical area (AZA RMC 2018). 
Sample sizes were relatively small across all Tasmanian devil studies in this thesis, as necessitated by 
their endangered status and the changing needs and goals of the STDP. As Suprelorin implants had 
not previously been studied for efficacy and reversibility in Tasmanian devils, older females that would 
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not be required for breeding were initially selected. As our studies began to show the safety and 
efficacy of the implants, younger females were included in the trials. There were still only a relatively 
small number of candidates for contraception, as it was used strategically to reach genetic 
management goals within the breeding program, rather than for general population reduction. Over 
time, more females within the Tasmanian devil insurance metapopulation may be treated with 
Suprelorin implants for various management purposes, and they will continue to be monitored by the 
STDP and the University of Sydney. In this way, the efficacy and duration of effect of Suprelorin 
implants in devils will continue to be assessed, less formally, into the future. 
The burrowing bettong contraception trial had several limitations to success. Firstly, poor 
environmental conditions prevented the efficacy of Suprelorin implants in burrowing bettongs from 
being demonstrated. Prolonged dry conditions in the area are the likely cause of the reduced overall 
breeding rate due to the lack of succulent vegetation, and so concealed the effects of contraception. 
Therefore, the study outlined in Chapter 5 should be repeated in the future when conditions are 
conducive to successful breeding. If logistically possible, GnRH challenges could be incorporated into 
the study to allow hormonal changes to be monitored, especially if climatic conditions deteriorate 
during the study. Secondly, sample size in the burrowing bettong contraception trial was limited by 
the number of females captured on the initial trapping trip in August 2017. Sex ratio at Arid Recovery 
was skewed towards males (2:1), similar to the study by Short and Turner (1999) on Dorre and Bernier 
Islands, leading to a total of 44 mature females being captured over 10 nights. Females were allocated 
to treatment groups with every third female being a control, leaving 30 females to be treated with 
contraception. This was considered to be a robust sample size for this study, particularly as it is a free-
ranging population.  Finally, trap sites were restricted to being within walking distance of the research 
station due to limited numbers of vehicles available. It would have been beneficial to span the trial 
across multiple enclosures to account for various densities of bettongs in different parts of the reserve. 
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Table 6.1: Characteristics of contraceptive implants (including GnRH agonists and synthetic gestagens) in a range of female marsupial species. 
Species Purpose of 
fertility control 
Reproductive 
life 
Fertility control agent 
and dosage used 
Duration of 
effect 
Reversible Side effects References 
Tasmanian devil 
(Sarcophilus harrisii) 
Dasyuridae 
IUCN: Endangered 
 
To manage 
genetic and 
behavioural 
integrity of the 
insurance 
metapopulation. 
3 years Suprelorin implant 
containing the GnRH 
agonist deslorelin; 
4.7 mg and 9.4 mg;  
0.77 mg/kg and 1.54 
mg/kg 
~14 months 
(4.7 mg) 
Yes No negative 
effects detected. 
A higher dose (9.4 
mg) together with 
captivity may 
cause weight gain  
Chapters 2, 3, 4 
Burrowing bettong 
(Bettongia lesueur) 
Potoroidae 
IUCN: Near 
Threatened 
To manage 
population size in 
fenced reserves. 
Begin breeding 
at 7-8 months, 
average lifespan 
3 years and 
reported up to 
11 years 
Suprelorin implant; 
4.7 mg; 3.62 mg/kg 
Unknown  Unknown  No negative 
effects detected. 
Chapter 5 
Short and Turner 
(1999) 
Black-flanked rock-
wallaby (Petrogale 
lateralis) 
Macropodidae 
IUCN: Vulnerable 
To manage 
population size 
on rocky outcrops 
following 
predator control 
in WA. 
Begin breeding 
at 1-2 years, 
reported to live 
up to 12 years 
Suprelorin implant; 
4.7 mg and 9.4 mg; 
1.12 mg/kg and 2.24 
mg/kg 
At least 27 
months (4.7 
mg and 9.4 
mg) 
Yes No negative 
effects detected. 
Willers et al. 
(2015) 
Willers (2012) 
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Species Purpose of 
fertility control 
Reproductive 
life 
Fertility control agent 
and dosage used 
Duration of 
effect 
Reversible Side effects References 
Koala (Phascolarctos 
cinereus) 
Phascolarctidae 
IUCN: Vulnerable 
 
To manage 
population size at 
sites in Victoria 
and SA, including 
Cape Otway, 
Framlingham 
forest, Mount 
Eccles National 
Park, and 
Kangaroo, French, 
and Raymond 
Islands. 
Breed at two 
years of age, 
then for the 
next 10 to 15 
years. 
Suprelorin implant; 
5 mg; 0.63 mg/kg 
1-2 years Yes No negative 
effects detected. 
Herbert (2002) 
Levonorgestrel  
implant containing 
synthetic gestagen; 68 
mg; 8.61 mg/kg 
At least 6 
years (and 
possibly 
more than 
10 years) 
Yes 
(following 
removal) 
(although 
possibly 
not within 
the 
practical 
reproductiv
e lifespan) 
Treated females 
undertook 
uncharacteristic 
long-range 
movements. 
Hynes et al. 
(2010) 
Middleton et al. 
(2003) 
Hynes (2017) 
Ballantyne et al. 
(2016) 
Menkhorst (2008) 
Tammar wallaby 
(Notamacropus 
eugenii) 
Macropodidae 
IUCN: Least Concern 
Used as a model 
species for 
marsupial studies. 
Sexual maturity 
at 9 months, 
lifespan 14 
years 
Suprelorin implant; 
5mg; 0.72 mg/kg 
515 ± 87 d Yes No negative 
effects detected. 
Herbert et al. 
(2004a) 
Herbert et al. 
(2005) 
Levonorgestrel  
implant; 2 x 70 mg; 
20.29 mg/kg 
At least 36 
months 
Yes No negative 
effects detected. 
Nave et al. (2000) 
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Species Purpose of 
fertility control 
Reproductive 
life 
Fertility control agent 
and dosage used 
Duration of 
effect 
Reversible Side effects References 
Western grey 
kangaroo 
(Macropus 
fuliginosus 
ocydromus) 
Macropodidae 
IUCN: Least Concern 
To manage 
population size, 
particularly in 
peri-urban areas. 
Sexual maturity 
at 17 months, 
lifespan 10-20 
years in the 
wild. 
Suprelorin implant; 4.7 
mg; 0.18 mg/kg 
 
At least 1 
year 
Yes No negative 
effects detected. 
Mayberry (2011) 
Eastern grey 
kangaroo (Macropus 
giganteus) 
Macropodidae 
IUCN: Least Concern 
 
To manage 
population size, 
particularly in 
peri-urban areas. 
Sexual maturity 
at 17 months, 
lifespan 7-10 
years in the 
wild. 
Suprelorin implant; 9.4 
mg, 10mg and 20 mg; 
0.24 mg/kg, 0.25 
mg/kg and 0.5 mg/kg, 
respectively 
3 years (9.4 
mg), 559 ± 
111 days (10 
mg), 651 ± 
21 days (20 
mg) 
Yes No negative 
effects detected. 
Wilson et al. 
(2013) 
Herbert et al. 
(2006) 
 
Levonorgestrel  
implant; 2 x 70 mg; 3.5 
mg/kg 
At least 27 
months, and 
possibly up 
to 6 years. 
 
 
 
Yes No negative 
effects detected. 
Nave et al. (2002) 
Coulson et al. 
(2008) 
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Species Purpose of 
fertility control 
Reproductive 
life 
Fertility control agent 
and dosage used 
Duration of 
effect 
Reversible Side effects References 
Fat-tailed dunnart 
(Sminthopsis 
crassicaudata) 
Dasyuridae 
IUCN: Least Concern 
 
To synchronise 
oestrous cycles 
for application of 
assisted 
reproductive 
technologies. 
Sexual maturity 
at 115 days, 
lifespan of 18 
months 
Lucrin Depot 
containing a GnRH 
agonist; 5 mg and 10 
mg; 312.5 mg/kg and 
625 mg/kg 
16 weeks 
(for both 5 
and 10 mg) 
Yes No negative 
effects detected. 
Witt et al. (2018) 
Witt et al. (2016) 
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6.3 POTENTIAL SIDE EFFECTS OF SUPRELORIN IMPLANTS IN THREATENED MARSUPIALS 
In Chapters 2 – 5 of this thesis, animal behaviours and general health parameters were monitored to 
detect and assess any potential side effects of contraception at an individual and population level. In 
Tasmanian devils, contraception with one 4.7 mg Suprelorin implant was not found to have any 
negative effects on body weight, general health (through blood chemistry and haematology analysis), 
access to food, time spent feeding, number of wounds in the free-range enclosures; nor trapability, 
survival or movements across an island. The AZA RMC indicates that GnRH agonists (including 
Suprelorin) may cause abortion or interfere with milk production (unless lactation is already 
established), and therefore should not be used during pregnancy (AZA RMC 2018). Indeed, Herbert et 
al. (2005) found that deslorelin implants may affect blastocyst survival, luteal reactivation, pregnancy 
or birth, as evidenced by a lower rate of blastocyst reactivation and birth in treated female tammar 
wallabies. This was not an issue for the Tasmanian devils, as they have a single annual breeding season, 
and can be treated with contraception prior to conception during this period. Burrowing bettongs, 
however, breed all year round and are capable of exhibiting embryonic diapause (Tyndale-Biscoe & 
Renfree 1987; Short & Turner 1999). It has been shown that deslorelin treatment of rock-wallabies 
does not affect blastocyst reactivation, pregnancy, birth or lactation (Willers et al. 2015). Given the 
differences seen in two marsupial species, it is unknown what the potential effects of contraception 
could be for burrowing bettongs on the resumption of dormant blastocysts or the development of 
offspring in females pregnant or lactating at treatment. Further studies are required to assess the 
potential for these effects. 
Weight gain is a common side effect of many contraceptive agents, including Suprelorin implants (Asa 
& Porton 2005; AZA RMC 2018). It is likely that effects on body weight are species-specific and variable 
between individuals, for example, female lions but not cheetahs will likely become obese after 
multiple treatments of Suprelorin (Bertschinger & Caldwell 2016). The AZA RMC suggest that 
increased appetite is the cause of weight gain in treated females (AZA RMC 2018). This appeared to 
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be the case in mares treated with the immunocontraceptive GonaCon-B, which were found to feed 
more than control females (Ransom et al. 2014). Devils housed in an intensive breeding facility and 
given a higher dose of Suprelorin (2 x 4.7 mg) appeared to maintain a heavier weight, whereas devils 
in free-ranging and semi-wild housing on the lower dose (4.7 mg) did not show any signs of weight 
gain, compared with control females (Chapters 2, 3 and 4). Treated devils (4.7 mg Suprelorin) held in 
free-range enclosures did not show any increases in time spent feeding compared with control 
females, so it is unlikely that their appetite was affected. It appears that a higher dose of Suprelorin 
together with captivity is required to stimulate weight gain, but the results were difficult to interpret 
due to the confounding effects of prescribed diets, and the fact that weight was already increasing in 
these animals before treatment. These prescribed diets were aimed at achieving ideal body weights, 
and were set based on the devil’s most recent body condition score. 
Many marsupial species carry their young in a pouch or on their back, or care for them in a den or 
burrow. This is likely to limit or impede their movement, and so there are potential impacts of the 
absence of offspring due to contraception on their movements. Tasmanian devils may normally be 
restricted in movements by the bulk of larger young in the pouch, and then by remaining close to their 
den site after pouch exit (Owen & Pemberton 2005). Burrowing bettongs will also have the bulk of a 
pouch young, and tend to share warrens with their daughters up to 10 months of age (Sander et al. 
1997). There were no effects of contraception on movements of Tasmanian devils on Maria Island 
(Chapter 4), and there were no inherent effects of the implant on movements of burrowing bettongs 
(Chapter 5). This is dissimilar to the increased movements exhibited by koalas treated with gestagen 
implants (Hynes et al. 2011) and mares treated with the immunocontraceptive GonaCon-B (Ransom 
et al. 2014). It is good that there were no increases in distances moved by Tasmanian devils, as this 
could have led to increased interactions with humans or roads after release into the wild or on Maria 
Island. Impacts of contraception on movements of bettongs should be reassessed in future studies 
when untreated females are breeding. 
 175 
 
It has been debated that contraception also has a potential impact on animal welfare by preventing 
them from exhibiting natural behaviours involved with producing and raising offspring (Penfold et al. 
2014; Hampton et al. 2015). It is for this reason that some zoo institutions will allow animals to breed, 
and then cull the offspring that are surplus to requirement (Penfold et al. 2014). This allows them to 
express behaviours such as courtship, mating, birth and parental care, and to maintain their 
reproductive health (Penfold et al. 2014). In the Tasmanian devil insurance population, in most cases, 
females will be given the opportunity to breed at least once before being treated with contraception, 
thus allowing them to experience these behaviours. It would also be difficult for a program as well-
known and iconic as the STDP to cull juveniles as a form of management without a negative reaction 
from both the media and public. For the burrowing bettongs at Arid Recovery, if it is desirable to allow 
female bettongs to breed at least once, it would be possible to only treat parous females, or to ensure 
that the same individuals are not treated repeatedly using ear tags or microchips for identification. As 
GnRH agonists such as deslorelin completely suppress oestrous cycles, the reproductive tract is not 
exposed to high circulating concentrations of oestrogen for long periods of time, such as with other 
forms of contraception (Penfold et al. 2014). This means that the risks of reproductive tract diseases 
are not increased as a result of contraception. 
GnRH agonist contraceptives have the potential to impact social hierarchies and dominance status of 
individuals by down-regulating sex hormone production, as discussed in Chapter 1.5.2 (Tuyttens & 
Macdonald 1998; Cooper & Herbert 2002; Ramsey 2007). There was no evidence of this in female 
Tasmanian devils, based on the lack of change in their time spent feeding, order of arrival to feed, and 
number of new wounds after treatment (Chapter 3). Impacts on dominance hierarchies are likely to 
be highly species-specific, and perhaps dependent on housing style, and should therefore be assessed 
in all situations. The burrowing bettong has a very different social organisation than the Tasmanian 
devil (Sander et al. 1997; Moseby et al. 2018a), and therefore social groups should be monitored for 
changes when treated with contraception. 
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6.4 THE UTILITY OF CONTRACEPTION AS A MANAGEMENT TOOL IN CONSERVATION 
PROGRAMS 
In Chapter 1 the purpose of suppressing reproduction in individuals in conservation programs was 
discussed. The Tasmanian devil insurance metapopulation presented a situation where control over 
genetic and reproductive contribution of individuals was needed, and contraception had great 
potential but was untested. Now that we have an understanding of the effects of Suprelorin implants 
in Tasmanian devils, contraception can be used as a tool to balance founder representation within the 
metapopulation by preventing over-represented bloodlines from breeding. Recently, pedigree 
analysis of the introduced population of Tasmanian devils on Maria Island showed an increasing mean 
level of inbreeding due to unequal founder representation (McLennan et al. 2018). A combination of 
contraception and relocation of individuals off-island based on their genetic profile is currently being 
used to rectify this imbalance. Using contraception to control reproductive contribution is more 
efficient than housing individuals separately, as it allows them to remain in situ or in group enclosures.  
The burrowing bettong population presented a different situation in which reproduction needed to 
be reduced, by managing population size with consideration of public attitudes, their threatened 
status and genetic diversity of the population. Similar to the bettongs, macropod populations can 
become overabundant due to anthropogenic actions such as population isolation, predator control 
and additional nutritional resources (Herbert et al. 2010). Non-lethal population control options are 
desirable for these overabundant populations of native species, and hence, contraception is a valuable 
option. Although contraception was not feasible for a reserve as large as Arid Recovery, it could have 
applications for smaller populations, such as wildlife parks, which may need to prevent breeding in 
display animals or between siblings. 
The resources available to a population (i.e. funding, public interest, labour and facilities) are 
important to consider before beginning a contraception program to indicate the potential feasibility, 
efficiency and probability of success in the long term. The burrowing bettong and Tasmanian devil 
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populations can be considered to be on different ends of a spectrum in terms of their resources 
available and achievable management intensity. The Tasmanian devil insurance metapopulation 
numbers in the hundreds (Hogg & Srb 2016), whereas the burrowing bettong population at Arid 
Recovery numbers in the thousands (Moseby et al. 2018b). This makes intensive genetic and pedigree 
management of devils, rather than bettongs, more practical and achievable. Both the Tasmanian devil 
program and Arid Recovery receive funding from the government, through partnered Universities, 
and various environment protection groups (Arid Recovery 2015b; DPIPWE (Tas) 2018). However, 
devils appear to have a much greater public awareness and devotion and so receive support on a 
larger scale.  
The relationship between management intensity and resources, and how this is likely to affect the 
potential utility of contraception as a management tool, is illustrated in Fig. 6.2. Bettongs, devils and 
two other conservation-dependent marsupials have been compared using relative values for funding 
support, population size and management intensity, to illustrate the variation in resources available 
to contraception programs. “Management intensity” is used here to refer to the degree to which 
animals can be individually managed, rather than the degree of effort contributed by managers. 
Species with greater levels of funding support and public interest, and/or smaller population sizes that 
facilitate management on an individual level are most likely to be suitable for contraception programs 
(depicted by the red zones, Fig. 6.2). Based on the resources available, some goals may need to be 
given priority over others in some situations. For example, having individual genetic profiles for every 
animal is not a top priority for the large bettong population, so treating parous females is the best way 
to ensure they have already contributed genetically to the population. In contrast, the genetic 
diversity of the devil population is a high priority for the STDP and so the pedigree is intensively 
managed, yet this requires more resource input.  
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Figure 6.2: Comparison of a) relative population size and funding support/public interest, and b) 
relative population size and management intensity, for four conservation-dependent marsupials; the 
black-flanked rock-wallaby on rocky outcrops in WA, the Tasmanian devil insurance metapopulation, 
burrowing bettongs at Arid Recovery and koalas in fragmented populations in south-eastern Australia. 
Also included are two candidate species for contraception, the eastern bettong at Mulligans Flat 
woodland sanctuary and the greater bilby on Thistle Island, SA. Red zones represent those that may 
be considered most suitable for contraception programs. 
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The koala is a unique example of the use of fertility control in relatively extensive populations in 
Australia. Ordinarily, the situations in which the koala is found would be deemed too difficult to 
implement a fertility control program (Fig. 6.2b; the koala is placed outside the red zone). For example, 
on Kangaroo Island it was estimated that there were around 27,000 koalas in 2001 on an island that 
is 4,400 km2 (Masters et al. 2004). However, Federal and State legislation protects koalas against 
culling, and combined with few options for non-lethal removal (i.e. limited translocation sites), this 
has resulted in the widespread use of fertility control in a number of populations (Duka & Masters 
2005; Department of Environment and Climate Change NSW 2008; Department of Environment Water 
and Natural Resources 2016). Fertility control programs involve high costs when implemented in large, 
extensive populations. For example, the Kangaroo Island Koala Management Project has cost $8.6 
million for the past 21 years of management projects, which have included contraception and surgical 
sterilisation of koalas (Natural Resources Kangaroo Island 2017). This is a unique example of a high 
cost fertility control program, which can only be afforded due to the extremely high value that the 
public places on this iconic species (Fig. 6.2a; the  koala is placed within the red zone) (Duka & Masters 
2005; Wilks 2008; Department of Environment Water and Natural Resources 2016). 
Other species of conservation-dependent marsupials that may be good candidates for contraceptive 
management include the greater bilby (Macrotis lagotis) and the eastern bettong (Bettongia 
gaimardi). The bilby was reintroduced to Venus Bay Conservation Park, Thistle Island, in South 
Australia in 1998 (IUCN 2018). The management program aims to maintain the genetic diversity at a 
minimum of 90% by releasing under-represented founders (Pavey 2006). With continued successful 
breeding (Kanowski et al. 2018), it can be assumed that eventually the population will reach carrying 
capacity, and population growth will need to be reduced. Eastern bettongs were translocated to 
Mulligans Flat woodland sanctuary in 2012 and have established successfully (Shorthouse et al. 2012; 
Batson et al. 2016). This population may become a source for further translocations (IUCN 2018). As 
both populations are enclosed and protected from predators, careful management is required to 
maintain genetic diversity and sustainable population size in the absence of natural dispersal and 
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predation processes. Therefore, contraception should be considered as a potential fertility control and 
population management tool. Suprelorin implants would be a good candidate for their medium-term 
duration, safety and reversibility, as established in other marsupial species described in Table 6.1. 
In addition to understanding the resources available to a population, it is critical to understand the 
population and have accurate estimates of the population size before making management decisions. 
For example, tammar wallabies introduced to North Island in the Abrolhos archipelago, WA, in the 
mid-1980s had become overabundant and were causing damage to vegetation and sand dunes 
(Herbert et al. 2011). Based on a population estimate of 200 individuals in 2004, a contraception 
program was established in 2005, but widespread damage continued in 2006 and an increased 
population estimate of 400 individuals prompted the removal of tammars from the island, and a 
subsequent culling program (Herbert et al. 2011). In 2007 and 2008, over 800 individuals were culled 
in response to worsening vegetation damage, with more still remaining on the island (Herbert et al. 
2011). This case highlights the importance of having accurate population estimates, and a situation in 
which it was too late for contraception alone to be an effective management option. Had the full 
extent of the population size been able to be accurately estimated, a culling or removal program with 
follow-up contraception may have been a better approach. 
Understanding the scale of the management issue is important, as highlighted in the tammar wallaby 
example above, however it is also important to understand the extent to which stochastic events can 
negatively affect conservation-dependent species over relatively short time-frames. For example, 
shortly after the completion of the bettong contraception trial at Arid Recovery, there was a 
precipitous 78% average decline in bettong track counts from July to October 2018 (Arid Recovery, 
pers. comm.). The large size of the Arid Recovery reserve probably safeguards this population from a 
catastrophic decline, but this may not be the case in smaller reserves. Similar to the black-flanked 
rock-wallaby case study in Chapter 1.6, this shows the importance of not permanently affecting the 
capacity of a population to increase after a stochastic event. Contraceptive agents that have a 
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medium-term duration and are reversible are therefore most suitable for use in conservation 
programs. 
6.4.1 APPLYING OUR FRAMEWORK FOR IMPLEMENTATION OF FERTILITY CONTROL 
The proposed framework for implementation of fertility control in conservation programs (presented 
in Chapter 1.6) was put into practice in our Tasmanian devil and burrowing bettong studies as follows: 
1. Understand the species reproductive biology 
A pilot study was conducted on the effects of Suprelorin implants in both Tasmanian devils and 
burrowing bettongs after researching the literature and collaborating with relevant experts. 
Suprelorin was selected as a candidate contraceptive agent based on previous studies in marsupials 
which indicated that Suprelorin is effective, safe, and has a medium-term duration. 
2. Reach a sustainable population size using sound principles 
At the end of 2013 when the pilot study was commenced, there were approximately 660 devils from 
161 founders held in four different types of housing strategy in the insurance metapopulation (Hogg 
et al. 2013). By the end of 2016 the insurance metapopulation held over 700 individuals, and the 
population was able to support releases of individuals into the wild (Hogg & Srb 2016). Maria Island 
had reached carrying capacity and some devils were released to Stony Head and wukalina/Mount 
William National Park (Wise et al. in press). A proportion of females on the island were treated with 
contraception to slow down population increase and balance founder representation. 
The burrowing bettong population within the Arid Recovery reserve had established so successfully 
that they had surpassed a sustainable size and were considered to be overabundant (Moseby et al. 
2018b). The reproductive events involved in this population increase were not intensively managed, 
yet there was an increase in genetic diversity because founders were selected from separate 
populations (White et al. 2018). 
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3. Use pedigree management to rank genetic importance of individuals; and, 4. Make breeding 
recommendations 
The Tasmanian devil metapopulation is intensively managed based on pedigree data and genetic 
typing of founder individuals (Hogg et al. 2017b). Yearly breeding recommendations are provided by 
the Australasian Zoo and Aquarium Association based on this information (Hogg et al. 2013; Hogg et 
al. 2014; Hogg & Srb 2015, 2016; Biggs et al. 2017). 
Individual genetic data was not collected for the burrowing bettongs, but females that have recently 
weaned young could be targeted to ensure that they have contributed genetically to the population. 
5. Estimate an optimal time for implementation 
Breeding in Tasmanian devils occurs in a defined breeding season from February to June each year 
(Guiler 1970b; Hesterman et al. 2008b; Keeley et al. 2012b). As such, a specific month can be selected 
for contraceptive delivery. In the initial Tasmanian devil contraception trials, the delivery of implants 
in January was selected as it was at least a month prior to the breeding season. This was to allow time 
for the initial stimulatory phase of the GnRH agonist to pass, and for the down-regulation of the 
hypothalamic-pituitary-gonadal axis (Ortmann et al. 2002) and contraceptive effect to begin before 
the commencement of the breeding season. After the initial trials were complete, and the duration of 
effect was determined, the issue of unknown reversibility was becoming apparent. Female devils 
showed signs of a gradual reversal of contraceptive effect during the second breeding season after 
treatment, as shown by pouch appearance and progesterone profiles, yet full reversal to produce 
offspring was only shown by one devil. Given these outcomes, six females were treated in November 
prior to release on the Forestier Peninsula in Tasmania (C. Hogg, unpublished data). The two surviving 
females did produce pouch young in the second breeding season after treatment, indicating that 
November may be a better month for contraceptive delivery if reversal is desired. 
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Breeding in burrowing bettongs occurs year round, but appears to reduce over summer at Arid 
Recovery, likely due to higher temperatures (Chapter 5). As such, contraception would be most 
effective if given at the end of summer prior to the increased breeding in autumn and winter. In our 
contraception trial (Chapter 5), bettongs were treated in August, but this was for logistical reasons. 
Being in the lead up to summer, this may have contributed to the low reproductive rate exhibited. 
Following implementation, monitoring is a critical aspect of contraception programs, so that outcomes 
can be assessed, and changes can be made as necessary. Particularly as there is so much variability 
between and within species, in both short-term and long-term effects, it is important to evaluate all 
situations where contraception is used. For example, mares treated with porcine zona pellucida (PZP) 
immunocontraception were found to have lingering effects of treatment on fertility and social 
behaviour of mares 6 years after suspension of treatment (Nuñez et al. 2017). 
The use of contraception in the Tasmanian devil insurance metapopulation will continue to be 
monitored and assessed by the STDP. It is unlikely that extensive studies will need to be conducted 
following on from the work in this thesis, but aspects such as efficacy, duration of effect, reversibility 
and general health will be monitored. The bettongs treated with contraception will continue to be 
monitored as part of the general wildlife trapping surveys conducted within the Arid Recovery reserve. 
However, any effects of contraception are likely to have worn off within 18 to 24 months of treatment. 
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6.5 MANAGEMENT IMPLICATIONS OF THIS RESEARCH 
The outcomes from the contraception trials on Tasmanian devils have already been incorporated into 
management practices within the Tasmanian devil insurance metapopulation. Female devils that are 
not given breeding recommendations are housed in free-range enclosures with other breeding 
animals to balance the demographics, while also retaining their wild behaviours. Maria Island is 
managed by harvesting individuals for release elsewhere, and by using contraception selectively on 
females that are not required for breeding, or are genetically over-represented in the population 
(Wise et al. in press). The carrying capacity of the island is also maintained by preventing breeding that 
is surplus to housing resources. Tasmanian devils have also begun being reintroduced to the wild in 
an augmentation program led by the STDP.  
Based on the research in Chapters 2, 3 and 4, it is recommended to use the 4.7 mg Suprelorin implant 
to prevent reproduction for one to two breeding seasons in female Tasmanian devils, with no negative 
effects on the health or behaviour of the individual or group. To increase the likelihood of reversal and 
breeding after contraception, we suggest allowing the female to breed at two years of age, then 
administering contraception in November of their second year. This will prevent reproduction in their 
third year, and give the opportunity for breeding in their fourth year, or alternately, retreatment with 
Suprelorin. If the need to resume breeding is certain, the implant can be surgically removed at the end 
of their suppressed breeding season to prevent any further release of the GnRH agonist, and 
accelerate the recovery of their normal oestrous cycle (Moresco et al. 2014). It is also safe to use two 
4.7 mg implants to potentially increase the duration of effect to two years with increased confidence 
in efficacy. The higher dose should only be utilised if it is required that the devil not resume breeding, 
as the reversibility of this dosage has not been determined. It appears possible that the higher dose 
caused the treated animals to remain overweight, and the higher dose increased packed cell volume, 
red cell count and haemoglobin concentration. General health will therefore need to be monitored, 
and diet possibly restricted to account for these changes. We do not recommend the use of Suprelorin 
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implants in male Tasmanian devils as they are ineffective at suppressing reproductive hormones, and 
therefore unlikely to reduce aggression. 
Recommendations concerning a protocol for contraception of burrowing bettongs cannot be made, 
however the feasibility of employing contraception at the Arid Recovery reserve can be discussed. 
Moseby et al. (2018b) suggested that to stabilise the population, one third of the population would 
need to be removed yearly, based on the estimated growth rate for bettongs in the Main Exclosure at 
Arid Recovery. Their model also indicated a total of 1532 individuals in 2016, and a 1.23:1 ratio of 
males to females (Moseby et al. 2018b). This gives approximately 687 females in the Main Exclosure. 
To essentially remove a third of the population, 511 (nearly three quarters) of the females would need 
to be given contraception. In August 2017, I spent 10 days and a total of 408 trap nights to capture 44 
adult females. There was a male bias in trapped individuals, making it more difficult to access females. 
It is a very labour-intensive process, which would need to be repeated every few years. There is also 
a high cost involved in procuring the implants, sold at AUD$70 per 4.7 mg implant to veterinary clinics 
(Virbac Australia, pers. comm.), and distributed by Virbac at US$30 under an Investigation New Animal 
Drug (INAD) agreement with the FDA only to AZA-accredited institutions in the United States (AZA 
RMC, pers. comm.). It is likely that mimicking native processes, such as introducing and establishing a 
native predator, will be a more feasible option for Arid Recovery in the long term, both logistically and 
financially. Recently, 10 western quolls (Dasyurus geoffroii) were released into the reserve for this 
purpose, and their impacts on the bettong population are currently being assessed. 
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6.6 GENERAL CONCLUSIONS 
The broad aim of this thesis was to present and discuss the role of contraception in wildlife 
conservation programs, and to provide two Australian case studies demonstrating the use of 
contraception as a management tool for endangered species in group housing. In doing so, we 
assessed the feasibility of the Suprelorin implant, containing the GnRH agonist deslorelin, as a tool for 
managing reproduction and genetic diversity within the Tasmanian devil insurance metapopulation 
and the Arid Recovery burrowing bettong population. We successfully achieved these aims, and have 
contributed important knowledge to the conservation management of these species. We presented 
and then followed a framework for implementation of contraception in conservation programs. This 
demonstrated the importance of having a structured plan that includes monitoring for the success of 
such a program. The contrast of the use of contraception in the Tasmanian devil population versus the 
burrowing bettong population exemplified the situation-specific and species-specific considerations 
that must be incorporated when planning captive breeding programs. It also showed the varied 
purposes and scenarios for using selective contraception in endangered species. 
There are always numerous avenues for further research, and there are many ongoing studies 
surrounding the conservation of Tasmanian devils. In relation to contraception, further studies that 
would be beneficial involve studying reversibility in a larger sample size of devils, with some treated 
with Suprelorin implants in the month of November. Also, assessing the effects of one or two 9.4 mg 
implants on efficacy and duration of effect (AZA RMC 2018). It would also be useful to conduct post-
mortems of females treated with contraception to assess any potential deleterious effects on the 
reproductive tract. As reversibility is so important, it is possible that implants will need to be surgically 
removed from devils to accelerate hormonal recovery, but this has yet to be studied. It would be 
important to assess any changes to efficacy or duration of effect of placing the implant in more 
accessible areas for easy removal. The AZA RMC has developed alternative locations to the traditional 
space between the shoulder blades that will facilitate removal, such as subcutaneous in the fleshy 
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portion at the base of the ear, inner area of the leg, and the umbilical area (AZA RMC 2018). Previous 
studies have found that efficacy rates remain high regardless of the location, and reversal rates may 
be higher in alternative locations (Cowl et al. 2018). As many devils are treated with contraception 
while conscious and handled in a sack, it would need to be an accessible area for handlers. For 
bettongs, a repeated contraception trial is needed, but perhaps in a smaller enclosure and with the 
inclusion of GnRH challenges to assess the suppression of reproductive hormones. A low and high 
dosage (4.7 mg and 9.4 mg) could also be assessed. 
Selective use of contraception in conservation-dependent species has many benefits for captive 
breeding programs. These include managing reproductive contribution of individuals, balancing 
founder representation in insurance populations, reducing inbreeding, the ability to group-house 
animals and therefore maintain wild behaviours and relationships, and to control local or temporal 
overabundance (Cope et al. 2018b). Selective contraception is a valuable tool for program managers, 
and should be considered in the early stages of planning captive breeding programs. 
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APPENDIX 1: CONFERENCE PRESENTATION ABSTRACTS 
Australasian Wildlife Management Society Conference, Katoomba, Australia 2017 
A role for selective contraception of individuals in conservation management programs 
Holly R. Cope, Carolyn J. Hogg, Peter J. White, Catherine A. Herbert 
Contraception has an established role to play in managing overabundant populations and preventing 
undesirable breeding in zoos. Yet, as captive breeding continues to play a greater role in conservation 
programs, it is becoming apparent that selective contraception can enhance the success of the 
program. To accomplish this, we propose the strategic and selective use of contraception in 
conservation management programs to increase the genetic and behavioural integrity at an individual 
and population level. In captive breeding programs, it is increasingly important to maximise the 
retention of genetic diversity by managing the reproductive contribution of each individual and 
preventing genetically suboptimal breeding, based on an individual’s genetic profile. Reproductive 
suppression of selected individuals has further benefits of allowing animals to be group housed in 
extensive enclosures without interfering with breeding recommendations, thus reducing adaptation 
to captivity and facilitating the expression of wild behaviours and social structures. Before selective 
contraception can be incorporated into a breeding program the most suitable method of fertility 
control must be selected, and this can be influenced by factors such as species life history, age, ease 
of treatment, potential for reversibility and desired management outcome for the individual and/or 
population. Contraception should then be implemented in the population following a step-by-step 
framework, which will be outlined in this presentation using contemporary Australian examples. This 
will highlight how selective contraception can provide crucial, flexible control over breeding in order 
to promote the physical and genetic health and sustainability of a conservation-dependent species 
held in captivity.  
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12th International Mammalogical Congress, Perth, Australia 2017 
Dose-response effects of deslorelin implants on contraceptive efficacy and health parameters 
in female Tasmanian devils (Sarcophilus harrisii) 
Holly R. Cope, Tamara Keeley, Wei-Yeen Yap, Carolyn J. Hogg, Peter J. White, Catherine A. Herbert 
The selective use of contraception for endangered species breeding programs is a relatively new 
approach to wildlife management, but has many potential applications. The Save the Tasmanian Devil 
Program (STDP) uses contraception in their insurance metapopulation with the aims of equalising 
founder representation, controlling breeding within group housing situations, and preserving wild 
behaviours. Before this approach was taken, we conducted preliminary studies to ascertain the 
efficacy, duration of effect, optimal dosage, and any potential side effects of the proposed 
contraceptive on individual animals. This study assessed the dose-response effects of the Suprelorin® 
contraceptive implants containing a gonadotrophin-releasing hormone (GnRH) agonist, deslorelin, on 
female Tasmanian devils. Either one (n=5), two (n=5), or no (n=5) 4.7 mg implants were administered 
to the devils, with quarterly GnRH challenges used to test the hormonal responsiveness over two 
breeding seasons. There was an interactive effect of treatment group and month on the level of 
hormonal responsiveness (P<0.001), with treated females being suppressed relative to controls (with 
the exception of the mid-breeding season). At the end of the second breeding season, high dose 
animals were more suppressed than low dose animals, suggesting a dose-response effect. There was 
also an interaction between treatment and month on proportion change in body weight following 
contraception (P=0.013), yet there were no differences between treatment groups at each month. 
Contraception also had no apparent negative effects on general health measured by complete blood 
count analysis.  
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Australian Mammal Society Conference, Alice Springs, Australia 2016 
Selective contraception as a tool to manage the Tasmanian devil insurance population: a focus 
on free-range enclosures 
Cope, Holly; Hogg, Carolyn; White, Peter; and Herbert, Catherine  
Faculty of Veterinary Science, The University of Sydney, NSW, 2006, Australia. 
holly.cope@sydney.edu.au 
The Tasmanian devil insurance population, established in 2006, is managed in such a way as to 
equalize founder representation. This becomes difficult when devils are housed in large groups in free-
range enclosures (FREs). This study examined the potential use of Suprelorin® contraceptive implants 
in captive/intensively managed devils for reproductive control. Females in FREs were monitored to 
assess post-treatment birth rates, feeding behaviour and weight changes. Suprelorin® successfully 
prevented reproduction in all treated females (p <0.001) for one breeding season. Contraception had 
an effect on time spent feeding depending on the reproductive stage (p = 0.024), but there was no 
effect on order of arrival at food (p = 0.721), suggesting no alterations to social structure. Devils with 
pouch young spent more time feeding than those without (p <0.001). During the breeding season, 
contracepted females weighed more than controls, while lactating females weighed more after 
parturition, but there was no excessive weight gain (p <0.001). Suprelorin® implants are effective for 
at least one breeding season, with no apparent effects on feeding behaviour or social dynamic. 
Selective contraception has the potential to become an important tool for conservation managers, to 
meet multiple reproductive, genetic and behavioural goals for this species. 
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Australasian Wildlife Management Society Conference, Parnell, New Zealand 2016 
Reproductive management of individuals within conservation programs: a focus on the 
Tasmanian devil (Sarcophilus harrisii)  
Holly Cope, Carolyn Hogg, Peter White, and Catherine Herbert 
Faculty of Veterinary Science, The University of Sydney, NSW, 2006, Australia. 
holly.cope@sydney.edu.au 
In captive breeding programs it is becoming increasingly important to maximise the retention of 
genetic diversity by managing the reproductive contribution of each individual through the use of 
selective contraception. This becomes critical when captive populations are held for several 
generations and managers must prevent the confines of housing space and financial support from 
compromising genetic integrity. For example, the Tasmanian devil insurance population, established 
in 2006, is strategically managed to equalize founder representation. This becomes difficult when 
devils are housed in large groups in free-range enclosures (FREs). This study examined the potential 
use of Suprelorin® contraceptive implants in captive/intensively managed devils for reproductive 
control. Females in FREs were monitored to assess post-treatment birth rates, feeding behaviour and 
weight changes. Suprelorin® prevented reproduction in all treated females (p <0.001) for one breeding 
season. Contraception had an effect on time spent feeding dependant on the reproductive stage (p = 
0.024), but there was no effect on order of arrival at food (p = 0.721), suggesting no alterations to 
social structure. Devils with pouch young spent more time feeding than those without (P<0.001). 
During the breeding season, contracepted females weighed more than controls, while lactating 
females weighed more after parturition, but there was no excessive weight gain (p <0.001). 
Suprelorin® implants are effective for one breeding season, with no apparent effects on feeding 
behaviour or social dynamic. Selective contraception has potential as an important tool for 
conservation managers to meet multiple reproductive, genetic and behavioural goals for this species.  
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Faculty of Veterinary Science, Post-graduate Conference, University of Sydney, 2015 
Reproductive and Genetic Management of Individuals within Conservation Programs: 
Implementing a new approach 
Holly Cope1, Dr Peter White1, Dr Carolyn Hogg2, Dr Catherine Herbert1 
1. Faculty of Veterinary Science, The University of Sydney 
2. Zoo and Aquarium Association     
Stage of candidature – Early (First year, full time) 
Abstract 
Introduction 
Captive breeding programs play an increasingly significant role in conservation programs, providing 
program managers with the challenge of preventing over-crowding of an endangered species, whilst 
also maintaining genetic and behavioural integrity of the population. This project aims to assess the 
implementation of a new approach to the reproductive and genetic management of individuals in 
conservation programs. A long-acting contraceptive implant to manage reproduction in intensively 
housed and free-ranging Tasmanian devils within the captive insurance population will be examined. 
This insurance population was established in 2006 due to the threat of Devil Facial Tumour Disease 
(DFTD). Female devils treated with contraceptives were selected based on their genetic profile with 
the aim of maximising the genetic benefit per breeding event, without expending resources on 
offspring of low genetic value to the population. This novel use of contraceptives also enables animals 
to be group housed, thus facilitating expression of natural behaviours and maintaining their natural 
host flora and fauna in preparation for reintroduction to the wild.  
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Materials and methods 
Trials are underway to compare the relative efficiency of two dosages (4.7 mg and 9.4 mg) of the 
Suprelorin® contraceptive implant, and to assess the behavioural impacts on treated animals held in 
various housing designs. A GnRH challenge is being used to test the hormonal competence of female 
devils treated with either a high or low dose contraceptive, and held in intensive housing. From this 
testing we hope to determine the efficacy and duration of effect of the two dosages in order to 
recommend the optimal dosage for future management procedures. Other devils held in free range 
enclosures were given a low dose contraceptive in January, and their pouches were checked following 
the March breeding season. Of the eighteen devils in the trial, none of the treated devils (n = 8) 
produced any pouch young, while all control devils (n = 10) produced young. Continued monitoring 
into a second breeding season will provide an indication of the contraceptive duration in these semi 
free-ranging devils. Behavioural studies utilising video surveillance footage are also being conducted 
in the free-range enclosures and on Maria Island, where free-ranging devils have been introduced and 
some have since been contracepted. In the enclosures, camera traps directed at carcasses are being 
used to assess female behaviour and determine if there is any effect of contraception on social ranking 
or time spent feeding. On Maria Island, camera and live trapping data pre and post-treatment will be 
used to map out approximate home ranges for each devil and determine if there is any effect of 
contraception on movement patterns. The preliminary findings from all of these trials will then be 
explored in the wild as part of the first release of healthy devils into disease-free areas of Tasmania. 
Contraceptives will help to slow the rate of population increase following release on the Tasman 
Peninsula, with the aim of minimising local overcrowding and interactions with nearby urban areas. 
Camera and live trapping data will be used to monitor the movements and reproductive status of 
these devils following release. The desired long-term outcome of this research is to develop a standard 
operating procedure for the management of breeding within insurance and reintroduced populations. 
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A role for selective contraception of individuals
in conservation
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Abstract: Contraception has an established role in managing overabundant populations and preventing
undesirable breeding in zoos. We propose that it can also be used strategically and selectively in conservation
to increase the genetic and behavioral quality of the animals. In captive breeding programs, it is becoming in-
creasingly important tomaximize the retention of genetic diversity bymanaging the reproductive contribution
of each individual and preventing genetically suboptimal breeding through the use of selective contraception.
Reproductive suppression of selected individuals in conservation programs has further benefits of allowing
animals to be housed as a group in extensive enclosures without interfering with breeding recommendations,
which reduces adaptation to captivity and facilitates the expression of wild behaviors and social structures.
Before selective contraception can be incorporated into a breeding program, the most suitable method of
fertility control must be selected, and this can be influenced by factors such as species life history, age, ease
of treatment, potential for reversibility, and desired management outcome for the individual or population.
Contraception should then be implemented in the population following a step-by-step process. In this way, it can
provide crucial, flexible control over breeding to promote the physical and genetic health and sustainability of
a conservation dependent species held in captivity. For Tasmanian devils (Sarcophilus harrisii), black-flanked
rock wallabies (Petrogale lateralis), and burrowing bettongs (Bettongia lesueur), contraception can benefit
their conservation by maximizing genetic diversity and behavioral integrity in the captive breeding program,
or, in the case of the wallabies and bettongs, by reducing populations to a sustainable size when they become
locally overabundant. In these examples, contraceptive duration relative to reproductive life, reversibility, and
predictability of the contraceptive agent being used are important to ensure the potential for individuals to
reproduce following cessation of contraception, as exemplified by the wallabies when their population crashed
and needed females to resume breeding.
Keywords: conservation planning, fertility control, genetic fitness, GnRH, Tasmanian devil, threatened
species
Un Papel en la Conservacio´n para la Anticoncepcio´n Selectiva de Individuos
Resumen: La anticoncepcio´n tiene un papel establecido en el manejo de poblaciones sobreabundantes
y en la prevencio´n de reproduccio´n indeseada en los zoolo´gicos. Proponemos que tambie´n puede usarse
estrate´gica y selectivamente en la conservacio´n para incrementar la calidad gene´tica y de comportamiento
de los animales. En los programas de reproduccio´n en cautiverio es cada vez ma´s importante maximizar la
retencio´n de la diversidad gene´tica manejando la contribucio´n reproductiva de cada individuo y previniendo
la reproduccio´n subo´ptima gene´ticamente por medio del uso de la anticoncepcio´n selectiva. La represio´n
reproductiva de individuos selectos en los programas de conservacio´n tiene ma´s beneficios, como permitir a
los animales ser alojados en grupo en recintos extensos sin interferir con las recomendaciones reproductivas,
lo que reduce la adaptacio´n al cautiverio y facilita la expresio´n de comportamientos y estructuras sociales de
vida libre. Antes de que la anticoncepcio´n selectiva pueda ser incorporada a un programa de reproduccio´n,
se debe elegir el me´todo de control de la fertilidad ma´s adecuado, y esto puede estar influenciado por factores
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como la historia de vida de la especie, la edad, la facilidad de manejo, el potencial para la reversibilidad,
y el resultado deseado de manejo para el individuo o la poblacio´n. Despue´s de esto se debe implementar
la anticoncepcio´n dentro de la poblacio´n siguiendo un proceso de paso-por-paso. De esta manera, puede
proporcionar un control decisivo y flexible sobre la reproduccio´n para promover la salud f´ısica y gene´tica
y la sustentabilidad de una especie dependiente de la conservacio´n que se encuentra en cautiverio. Para los
demonios de Tasmania (Sarcophilus harrisii), los walabı´es de las rocas de flancos negros (Petrogale lateralis),
y las ratas canguro de nariz corta (Bettongia lesueur), la anticoncepcio´n puede beneficiar su conservacio´n al
maximizar la diversidad gene´tica y la integridad conductual en el programa de reproduccio´n en cautiverio,
o, en el caso de los walabı´es y las ratas canguro, al reducir a las poblaciones a un taman˜o sustentable
cuando se vuelvan sobreabundantes localmente. En estos ejemplos, la duracio´n de la anticoncepcio´n en
relacio´n a la vida reproductiva, la reversibilidad, y la predictibilidad del agente anticonceptivo que se usa son
importantes para asegurar el potencial de reproduccio´n de los individuos una vez que cese la anticoncepcio´n,
como se ejemplifica con los walabı´es cuando su poblacio´n colapso´ y necesito´ de hembras para reanudar su
reproduccio´n.
Palabras Clave: aptitud gene´tica, control de la fertilidad, demonio de Tasmania, especie amenazada, GnRH,
planeacio´n de la conservacio´n
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Introduction
Fertility control has traditionally been used in wildlife
species to prevent undesirable breeding (such as be-
tween siblings) in zoo housing and to manage overabun-
dant native or introduced free-ranging wildlife popula-
tions (Asa et al. 2005). Recently, a new and promising
role has emerged for the use of contraception to manage
breeding of conservation-dependent species in large free-
range or semiwild enclosures. These species are affected
by threatening processes in situ, such as disease or pre-
dation, and therefore require careful management (often
both in situ and ex situ) to ensure their long-term sur-
vival. Although counterintuitive, selective contraception
has a role in the management of these geographically
or anthropogenically isolated populations at an individ-
ual and population level. We examined reasons for se-
lective contraception, key considerations in its use in
conservation-dependent species, and types of contracep-
tion currently available for wildlife management. For our
purposes conservation dependent refers to any species
that requires some form of intensive effort to combat
threatening processes and preserve a sustainable captive
or wild population into the future. We devised a frame-
work for the implementation of contraception in conser-
vation programs and considered 3 wildlife examples to
illustrate different management situations and highlight
the importance of different aspects of the contraceptive
regime. We sought to draw on previous research and
experiences to detail the importance and potential use of
contraception across conservation situations, based on
contemporary Australian examples, rather than to create
A Comprehensive Review Of The Literature.
Suppression of Reproduction in
Conservation-Dependent Species
Numerous species worldwide are facing extinction (Saier
2006; Stork 2010; Pimm et al. 2014), and climate change,
habitat destruction, introduced predators and competi-
tors, and emerging infectious diseases pose major threats
to wildlife populations. Failure to ameliorate threaten-
ing processes in situ necessitates the need for ex situ
conservation programs for many of these conservation-
dependent species. These ex situ populations are main-
tained in relatively closed environments, ranging from
traditional intensive zoo breeding programs to large,
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free-range enclosures and island systems (Hogg et al.
2016), that have limited resources and space to hold
animals for extended periods (Fa et al. 2011; Hogg 2013).
Hence, there is a growing need to strategically limit the
growth of these populations (Soule´ et al. 1986; Lees &
Wilcken 2009; Traylor-Holzer et al. 2013). We propose
this can be achieved by reducing reproduction in indi-
viduals from overrepresented family lines, which allows
allocating limited resources to the production of geneti-
cally valuable offspring and therebymaintains the genetic
fitness of the captive population.
It is critical to maintain genetic fitness when popula-
tions are held in captivity for several generations, and
species managers must not allow the confines of hous-
ing space and financial support to compromise genetic
integrity (Ballou et al. 2010). Genetic fitness is achieved
by maximizing the retention of extant genetic diversity
and minimizing the levels of inbreeding and adaptation
to captivity, thus enhancing the species’ propensity for
adaptation and survival (Frankham et al. 2002; Frankham
2008; Miller & Herbert 2010). Genetic fitness is greatly
influenced by effective management of reproduction, yet
the second largest area of failure for zoo-based conserva-
tion programs is the inability to effectively manage such
biological factors (Lees & Wilcken 2009). Conservation
programs utilizing a mixture of housing types (intensive
housing, free-range enclosures, and landscape-isolated ar-
eas) must not make this mistake.
In intensive housing situations, breeding management
is made relatively straightforward by separating or com-
bining certain individuals, yet in this arrangement it is dif-
ficult to minimize adaptation to captivity, which can oc-
cur relatively quickly (Day & O’Connor 2000; Frankham
2008; Christie et al. 2012). Limited mate choice can
also lead to reduction in reproductive output (Penfold
et al. 2014). Alternatively, semifree-range enclosures and
landscape-isolated areas facilitate the expression of wild
behaviors and relationships (Jones et al. 2007), but it
becomes difficult to strictly manage breeding. Productiv-
ity in such enclosures may also be higher than in inten-
sive facilities (Hogg et al. 2015), but it is not necessarily
ideal for every animal to breed. This is where selective
contraception steps in; it allows biological factors to be
effectively managed in all housing arrangements. Animals
can be housed in a manner that reduces adaptation to
captivity and facilitates the expression of wild behaviors
and social structures, and contraceptives can be used to
suppress genetically suboptimal breeding (see Tasmanian
devil [Sarcophilus harrisii] case study below).
We propose that selective contraception be used to
meet genetic and demographic objectives of managed
populations. These include adjusting the representation
of founder lineages, managing inbreeding coefficients,
regulating family sizes, and stabilizing the population at
carrying capacity (Ballou et al. 2010). Selective contra-
ception also allows the genetic diversity of populations
to be more closely managed, which reduces the abso-
lute population sizes needed for genetic sustainability
and hence the strain on limited conservation resources
(Frankham et al. 2002; Lees & Wilcken 2009). Finally,
if used as part of a conservation program with the ulti-
mate goal of reintroduction to the wild, contraception
of group-housed animals can support the expression of
natural behaviors and relationships by facilitating more
extensive management options while some control over
individual breeding opportunities is maintained. Miller
et al. (2013a) suggest contraception may have nega-
tive genetic effects; however, if it is used selectively
on animals with known genotypes to simulate natural
population-regulation mechanisms, the genetic situation
and population management may be improved.
Considerations for Use of Fertility Control in
Conservation Programs
Much has been written about the attributes of an ideal
wildlife fertility control agent for overabundant species.
It should be highly effective, have a predictable out-
come, retain social structure, have no effect on existing
pregnancy, have no toxicity to recipient or applicator,
be unable to pass through the food chain, have poten-
tial for remote delivery, and be cost-effective (Turner &
Rutberg 2013). Although all these points are applicable,
the most important contraceptive characteristics for a
conservation-dependent species are safety, predictability,
and reversibility. Agents with a midterm duration (in rela-
tion to the animal’s reproductive life) are desirable so that
breeding can be resumed if necessary following cessation
of effect (Penfold et al. 2014). The key considerations for
contraceptive use in conservation-dependent species are
reversibility, predictability, safety, ease of delivery, and
cost-effectiveness.
Reversibility
Reversibility of fertility control is vital in conservation-
dependent species because it allows for adaptive man-
agement should there be undesirable impacts of the
treatment, such as adverse health impacts, changes to
age structure or genetic variation (Willers et al. 2014), or
changes in the status of the population over time (e.g.,
population crash, see black flanked rock wallaby [Petro-
gale lateralis lateralis] case study below). In more inten-
sive management scenarios, breeding recommendations
are often made before the onset of the breeding season.
Hence, fertility-control agents that are known to work
predictably for a finite number of seasons and for a frac-
tion of the animal’s reproductive life-span are desirable.
This gives managers the flexibility to allow subsequent
breeding of the animal if genetically (or numerically)
Conservation Biology
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desirable or the option to reapply fertility control if breed-
ing remains undesirable. A contraceptive is reversible
either if it is removable (Moresco et al. 2014) or if breed-
ing is successfully recommenced once the contraceptive
effect wears off. Contraceptive longevity (and hence re-
versibility) varies within and between species and with
the type of contraceptive agent (Asa et al. 2005; AZA RMG
2016) (Table 1). An example of this variation in reversibil-
itywithin species can be seen in lionesses (Panthera leo).
Bertschinger et al. (2008) found reversibility after treat-
ment with 3 × 4.7 mg or 1 × 9.4 mg deslorelin implants,
yet Miller et al. (2013b) found that a few individuals did
not return to normal cycling.
Predictability of Efficacy and Longevity
Knowledge of the efficacy of the contraceptive (i.e. the
species-specific contraceptive success) is important to
ensure that breeding recommendations can be followed.
This prevents the production of more offspring than can
be well cared for and the use of limited resources to
support offspring with low genetic value to the popula-
tion. The duration of effect needs to be long enough to
reduce the frequency of retreatments but short enough to
allow the reversal of contraceptive effect to occur before
the end of the animal’s reproductive life (if necessary).
We recommend that, as a ballpark figure, contraceptive
agents of choice be less than or equal to half the re-
productive life-span of the average individual. Given the
reported intra- and interspecific variability in efficacy and
longevity, we recommend pilot studies on the recipient
species prior to widespread use (see Herbert et al. [2010]
for examples of variable duration of contraception in
kangaroos [Macropus giganteus] and wallabies [Macro-
pus eugenii]) to ensure the greatest predictability of out-
comes for the contraceptive employed. In some species
a pilot study to determine the efficacy may take years to
accumulate data, particularly if samples sizes are small
or endocrine studies are not used to assess the agent.
A pilot study is useful to assess any immediate adverse
side effects on the health of the individuals, or significant
changes in behavior and can be incorporated into an
adaptive management program, provided that follow-up
monitoring and reporting are incorporated in the man-
agement regime.
Safety
All fertility-control agents alter the physiology of treated
animals; hence, some side effects are to be expected.
However, adverse side effects should be avoided to en-
sure the continued health and fitness of individual animals
(Turner & Rutberg 2013). The significance of adverse
side effects can vary from extreme cases of reproductive-
tract disease causing infertility (e.g., progestin-induced
disease in carnivores, especially felids [Munson et al.
2005]) to minor weight gain (Porton & Dematteo 2005)
and alterations to movement patterns during treatment
(Hynes et al. 2011). The potential for side effects must be
weighed against the need to manage the potential detri-
mental effects of uncontrolled breeding, overpopulation,
and suboptimal genetic pairings.
The American Zoo and Aquarium Association (AZA)
provides an excellent model for detecting and monitor-
ing side effects through its Reproductive Management
Centre (RMC), which hosts a database on contraceptive
use in member zoos and other institutions (Asa & Porton
2005). It was primarily through this reporting process,
and associated pathology submissions, that the negative
side effects of progestin-based contraceptives in felids
were established (Munson et al. 2005) (Table 1). This
demonstrates the importance of monitoring the health
of individuals treated with contraceptive implants during
and after initial pilot trials in multiple species.
Ease of Delivery and Cost Effectiveness
Ease of delivery and cost-effectiveness are also important
aspects to consider when evaluating the use of fertil-
ity control as a management tool (DeNicola et al. 1997;
Turner & Rutberg 2013).Within larger enclosures, where
animals are housed in groups to maintain natural behav-
ior, a contraceptive agent must be injectable (rather than
provided orally in food) so that the target animal can
be treated independent of other nontarget cohabitants.
Contraceptive agents must be affordable within the con-
text of the operational budget, which often varies greatly
between species, if they are likely to be employed on a
more widespread basis. In extensively managed systems,
ease of delivery and cost-effectiveness often go hand
in hand because the ability to physically treat animals
(either via remote delivery or capture and hand injec-
tion) contributes significantly to the cost of management
(Kirkpatrick 2007).
The gender to target should also be carefully consid-
ered and will likely vary depending on the specific geno-
type (and genetic representation) of individual animals
and the sex-specific efficacy of available contraceptive
agents. In general, it is easier to target females because
there are more contraceptive agents to choose from for
females and treatment of males often results in unwanted
side effects. The greater diversity of options for females
arises partly because of the significant investment in
contraceptive agents for women that has resulted in ex-
tensive development of progestin-based contraceptives.
Fundamental differences in the hypothalamic–pituitary–
gonadal feedback system in females versus males also
mean some contraceptives are ineffective in males of
some species. For example, GnRH agonists inhibit re-
production in male dogs (Canis lupus familiaris) (Trigg
et al. 2001) yet have no effect on a number of male mar-
supials (Herbert et al. 2004; Eymann et al. 2007) and
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some other eutherian species (Lincoln 1987; D’Occhio
& Aspden 1996). Treatment of males also results in un-
desirable side effects in many cases due to the reduction
in testosterone concentrations (Table 1), which will alter
male secondary sex characteristics, including behaviour
and physical appearance. Also, if males are targeted, then
females would experience more unmated cycles, increas-
ing their exposure to high levels of estrogen, which may
have deleterious effects on their reproductive system
(Penfold et al. 2014).
Types of Fertility Control
The methods of fertility control most commonly used
by zoo and wildlife managers include surgical steriliza-
tion, immunocontraception, and hormonal contracep-
tives (Asa 2005b; AZA RMC 2016). These methods pre-
vent reproduction either by creating a physical barrier
between reproductive components or by physiologi-
cally or immunologically blocking the necessary func-
tion of these components. The mechanism of action,
common products, duration of effectiveness, and advan-
tages and disadvantages of a number of candidate fertility-
control agents most likely to be used in conservation (in
Australia and most other countries) are summarized in
Table 1. This list focuses on injectable, medium-long du-
ration products, which are most likely to be efficacious
in semifree-range enclosures and landscape-isolated sys-
tems. Hence, it does not include oral contraceptive agents
that might be more amenable for intensively housed an-
imals. Surgical sterilization has been excluded from this
table because it violates one of the key attributes that is
desirablewhen utilizing fertility control in a conservation-
dependent species: reversibility. Although surgical ap-
proaches such as vasectomy are technically reversible,
this process is labor intensive and unreliable (Asa 2005b).
The information in Table 1 provides a ready reference
for managers to short-list potential contraceptive agents
for use in their program. Managers should short-list po-
tential contraceptive agents based on the decision tree
outlined in Fig. 1.
Framework for Implementation of Fertility Control
in Conservation Programs
Understand the Species’ Reproductive Biology
Before considering fertility control in any species it is im-
portant to understand the species’ reproductive biology
and mating system. Knowledge of the breeding season,
reproductive strategy, cyclicity, and special adaptations
such as embryonic diapause will affect the choice of fer-
tility control (Fig. 1) and the optimal timing of treatment.
The reproductive life-span and age at sexual maturity
should also be considered to determine the appropriate
duration of contraception to allow an animal the potential
to breed either before treatment or after the contracep-
tive wears off.
Reach a Sustainable Population Size Through Sound
Population Management
A sustainable population is defined as one able to persist
indefinitely with the available resources, being either
self-sustaining or externally supplemented (Ballou et al.
2010). A sustainable insurance population requires an
appropriate number of founders for capturing genetic
representation from the wild; 20–50 individuals repre-
sented is generally considered acceptable depending on
the length and purpose of the program (Foose & Ballou
1988; Frankham et al. 2002). Once founders are acquired,
the rate of population growth is important; less loss of
genetic variation occurs in populations that grow rela-
tively quickly to a larger size (Ballou et al. 2010; Fa et al.
2011). Contraception should be used at the management
phase when the population is at or approaching carrying
capacity and self-sustainability (Ballou et al. 2010).
Use Pedigree Management to Rank Genetic Importance of
Individuals in the Population
Using studbooks to manage a population is common
practice, although pedigree management has limitations
(Ivy & Lacy 2012; Lacy 2012). Permanent identification,
such as microchips or tattoos, assists with determining
ongoing relationships between individuals within a pop-
ulation. Traditional species management uses the mean
kinship (average kinship between itself and all living in-
dividuals in the population) of an individual to determine
its importance for breeding within a population (Ballou
& Lacy 1995). Modeling shows that a mean kinship-based
management strategy is the best way to maintain genetic
diversity in a captive population over multiple (>10)
generations (Rudnick & Lacy 2008). The global conserva-
tion community is working toward integrating molecular
genetics into species management to enhance current
pedigree-based methods to ensure maximum retention
of genetic diversity over time (Ivy et al. 2010; Leus et al.
2011; Ivy & Lacy 2012). Although we recommend imple-
mentation of a contraceptive program when the popu-
lation is near to sustainable carrying capacity, selective
contraception of individuals that are overrepresented in
early generations may be appropriate on a case-by-case
basis, depending on housing constraints and the extent
of skew between individual founders.
Make Breeding Recommendations for Every Animal at
Appropriate Intervals
Breeding recommendations are based on pairing individ-
uals (or groups) with like mean kinship (i.e. individuals
who are least related to the population are paired to-
gether). As a general guideline, depending on the status
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Contracepve Agent 
Known 
unacceptable side 
eﬀects in this or 
closely related 
species? 
Yes Do not use 
No 
Yes 
No 
Compare duraon 
with other 
contracepve 
agents** and select 
best opon. 
Duraon* ≤ half 
repro. lifespan 
(through expiry or 
removal)? 
Eﬀecve in target 
sex? Yes No 
Previous use in this 
species? 
Yes 
Proceed to use 
Conduct a pilot 
study to assess 
any adverse side 
eﬀects, i.e. 
immediate 
impact on health, 
or changes to 
behavior 
No 
*as adversed or known in similar species 
**If no agent is  found  that meets all criteria. Agents being compared must meet all criteria apart from duraon. 
Do not use 
Figure 1. Stylized decision tree for selecting a contraceptive agent to use in a particular species.
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of the population, after a female has produced a number
of litters or has a close relative (i.e., sister) that has con-
tributed to the next generation, she may no longer be
required for breeding. This allows females who are least
related, and as a consequence likely to be carrying dif-
ferent alleles, the opportunity to contribute and equalize
founder representation (Lacy 1989).
Estimate an Optimal Time for Implementation and
Contraceptive Delivery
It is ideal to deliver contraceptives to females at a time
that will prevent them from conceiving in the next
breeding season. The timing of conception is influenced
by species-specific physiological responses to pregnancy
and lactation and seasonal factors (e.g. photoperiod)
but may also be influenced by prevailing environmental
conditions. Conception often occurs when the current
young approach weaning, but it can occur significantly
earlier than this in the case of species that can carry a
dormant blastocyst. For example, most kangaroos and
wallabies will conceive another offspring within days of
giving birth, and this will remain in diapause until the
first young is ready to leave the pouch (Tyndale-Biscoe &
Renfree 1987). In some, usually arid-adapted species, the
breeding season and therefore conception is triggered by
major rainfall events (e.g. burrowing bettong [Bettongia
lesueur] [Richards 2012]). In such species, contraception
may need to precede certain predicted weather condi-
tions to be effective during the peak breeding season
and prevent major population size fluctuations (see bur-
rowing bettong [Bettongia lesueur] case study below).
This highlights the need to understand the species repro-
ductive biology before implementing a fertility control
program.
Case Studies of the Need for Selective
Contraception in Conservation Programs
Every species, population, and conservation programwill
require a situation-specific approach to contraception.
Our proposed framework above will guide managers to-
ward finding and implementing the best approach for
their situation and goals. The following case studies out-
line the use of contraception in three Australianmarsupial
species, highlighting the different management goals and
species-specific efficacy of the contraceptive agent. The
first outlines the selective use of contraception tomanage
the genetic diversity in an insurance population, the sec-
ond highlights the need for reversibility of contraception
as a safeguard against stochastic events, and the third out-
lines the management of overabundance within a fenced
reserve. Each case displays the need for reversibility, pre-
dictability, and understanding of the genetic structure
of the population when using contraception on endan-
gered species; themes that are relevant and applicable to
conservation programs globally.
Tasmanian Devils
Tasmanian devils are endangered (IUCN2017), are threat-
ened primarily by devil facial tumor disease, and have
insurance populations managed as metapopulations held
within intensive and free-range enclosures and managed
on geographic isolates on Maria Island and the Tasman
Peninsula.
Devil facial tumor disease (DFTD) has had a devastating
effect on Tasmanian devil populations. The disease has
spread across most of the range of the species and caused
local declines of up to 90% (Lachish et al. 2007) and al-
most 100% mortality within six months of development
of clinical signs (McCallum et al. 2007; McCallum 2008).
An insurance population was established in 2006 by the
Save the Tasmanian Devil Program (STDP) and the Zoo
and Aquarium Association Australasia (Hogg et al. 2015)
in response to predicitions that the species could be ex-
tinct in areas of the wild within 25–30 years (McCallum
et al. 2007). Breeding within the insurance population is
intensively managed based on pedigree data and genetic
typing of founder individuals (Hogg et al. 2016).
One of the main goals of the insurance population is
to maintain the wild-sourced genetic diversity for at least
50 years and to produce genetically diverse and physically
healthy devils for future release into the wild (Hogg et al.
2014). In 2013, therewere approximately 700 devils from
174 founders held in 4 different types of housing strategy
in the insurance population, including intensive manage-
ment, managed environmental enclosures (MEEs), free-
range enclosures (FREs), and landscape-isolated areas
such as Maria Island and the Tasman Peninsula (Hogg
et al. 2013). Maintaining animals in intensive housing is
costly, and there are realistic concerns about the potential
for adaptation to captivity, depending on the selection
intensity, genetic diversity, effective population size, and
number of generations held in captivity (Frankham2008).
The MEEs and FREs are ideal to house devils in groups be-
cause they allow them to exhibit wild behaviors and sup-
port natural host-parasite relationships while reducing
running costs. In group-housing situations, selective con-
traception can be used to manage reproduction, whereas
previously this level of control over breeding was only
achievable in individual housing facilities by separating
or combining individuals. Genetically underrepresented
males and females can be placed in a FRE for breeding,
where individuals create an age pyramid to reflect natural
demographics and numbers are supplemented by females
treated with contraceptives creating an even sex ratio.
Tasmanian devils have a relatively short lifespan and
a finite period of reproductive potential from puberty
(2 years of age) until they become senescent at
5–6 years of age (Hughes 1982; Tyndale-Biscoe &
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Renfree 1987; Jones et al. 2008). Tasmanian devils also
have a relatively short breeding season. Up to 3 estrous
cycles occur from March to May, and they do not have
embryonic diapause (Guiler 1970; Keeley et al. 2012). A
GnRH agonist such as Suprelorin is likely to be the best
option for Tasmanian devils due to its relatively short du-
ration of effect, minimal side effects, and ease of delivery
(Table 1). The most appropriate treatment regime
will likely vary depending on the genetic value of
an individual. For highly valuable genetic individuals,
breeding early on is warranted to ensure a number of off-
spring are produced prior to contraception, if required.
Although the use of a GnRH agonist is short term and
reversible, Tasmanian devil productivity declines with
age (Farqharson et al. 2017), so if a number of offspring
are required, breeding early is better in this species. For
less valuable individuals whose family line is already well-
represented, it may be appropriate to treat the individual
before puberty, to allow the potential for a short-term
contraceptive (such as a GnRH agonist [Table 1]) to wear
off, and return it to fertility and reproduction around
3–4 years of age. This example shows how selective
contraception has the potential to promote behavioral,
reproductive, and genetic integrity and maintain a sus-
tainable population size within a metapopulation under
several housing types and when resources are limited.
Black-Flanked Rock Wallaby
The black-flanked rock wallaby is classified as vulnera-
ble (IUCN 2017) and is threatened primarily by preda-
tion from foxes (Vulpes vulpes); competition with goats,
sheep, and rabbits; and altered fire regimes (Department
of the Environment 2015b). It exists in geographically
disjunct populations inhabiting rocky outcrops in the
wheat belt of Western Australia. Despite its greatly re-
duced distribution due to predation from foxes and cats,
this species was considered overabundant at 2 locations
in theWestern AustralianWheat Belt following successful
predator control (Kinnear et al. 2010). Predator baiting re-
versed previous declines in rockwallaby populations, but
there was no increase in food supply, resulting in over-
grazing once the carrying capacity of the rocky outcrop
was exceeded (Kinnear et al. 2010). Fertility control was
deemed an appropriate option due to the isolated nature
of these populations and lack of immigration and emigra-
tion, which could reduce the effectiveness of fertility con-
trol (Merrill et al. 2006; Willers 2012). When these popu-
lations were at their peak, Willers (2012) used Suprelorin
contraceptive implants to inhibit reproduction in a small
group of rock wallabies for at least 27 months with no
obvious adverse effects. Suprelorin was chosen due to
its past success in other marsupial species (Herbert &
Trigg 2005; Herbert et al. 2006; Eymann et al. 2007; Lohr
et al. 2009). A longer-term study to assess full contracep-
tive duration and reversibility was suggested because it
could not be achieved in their time frame (Willers 2012).
Although females were not targeted based on their geno-
type, the geographic isolation of these populations and
demonstrated low levels of genetic diversity (Eldridge
et al. 1999) highlight the potential for contraceptives
to be selectively deployed in populations like this to
inhibit reproduction by genetically overrepresented fe-
males. However, sometime after the contraception trial,
the population of rockwallabies on several rock outcrops
underwent a significant and uncontrolled decline due to
factors unrelated to the contraception (Pearson 2013).
This case study emphasizes the need for long-term
monitoring and to ensure contraceptives used in at-risk
populations are reversible to allow flexibility in the face
of changes to the population status over timeframes that
are relevant to the species’ biology (Willers 2012).
Burrowing Bettongs
The burrowing bettong is near threatened (IUCN 2017)
and is threatened primarily by predation from feral cats,
foxes, and Wedge-tailed Eagles (Aquila audax) (Depart-
ment of the Environment 2015a). It occurs in predator-
proof free-ranging reserves at Arid Recovery Reserve,
Heirisson Prong, and Scotia Sanctuary and in a captive
population at Yookamurra wildlife sanctuary (Richards
2012;Hayward et al. 2014). At the time of European settle-
ment, burrowing bettongswerewidely distributed across
the southern portion of Australia, but they are now re-
stricted to small populations on Bernier and Dorre Islands
in Shark Bay and Barrow and Boodie Islands in Western
Australia (Short & Turner 1993; Richards 2012). Animals
from Heirisson Prong (originally from Dorre Island) and
Bernier Island were introduced to Arid Recovery Reserve
in 1999 and 2000 (Jarman 2011; Richards 2012). Since
their reintroduction to Arid Recovery, bettong numbers
have increased dramatically. Their estimated population
is several thousand individuals in the 123-km2 reserve
(Arid Recovery 2013). Burrowing bettongs are capable
of greatly increasing population size under good weather
conditions, particularly when top-order predators are
absent to naturally control populations (Arid Recovery
2013). This has become a significant problem in the re-
serve, where the increasing population has damaged veg-
etation and increased competition for limited resources
among the bettongs and other conservation-dependent
species (Arid Recovery 2013; Linley et al. 2016). The
development of management actions for this overabun-
dance is of a high priority for the reserve.
Retention of extant genetic diversity is highly impor-
tant in this species due to significant population bottle-
necks in all remaining burrowing bettong populations
(Short & Turner 1993; Richards 2012). The extensive na-
ture of these bettong populations means that it would be
difficult to conduct genetic typing of individuals and sub-
sequently recapture and treat previously identified target
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animals (as is done in the Tasmanian devil population). In
this situation, an alternative approach could be to target
femaleswho appear to have recentlyweaned an offspring
(elongated teat and large mammary gland) or to only em-
ploy contraceptive implantswith a short- tomedium-term
efficacy (1–2 years). Due to the small size of bettongs and
their free-ranging lifestyle in the reserve, the best delivery
method would be an implant or injection after trapping.
Previous modeling of the impact of different fertility con-
trol regimes on themaintenance of genetic diversity in in-
bred koala (Phascolarctos cinereus) populations shows
that a contraceptive regime in which each female has the
opportunity to breed once in her lifetime has no effect on
the effective population size (Tanaka et al. 2009). Hence,
reversible contraception has the capacity to ensure ge-
netic diversity is maintained whilst absolute population
growth is minimized. The key question in this scenario
is whether the large numeric size of the population and
reserve would present practical and resource limitations
to the deployment of contraceptives in sufficient num-
bers of individuals to be effective at a population level.
Hence, this probably represents an extreme example of
where contraception could be effective.
Conclusions
These studies are clear examples of the significant role
selective contraception has in the management of con-
servation programs or more specifically in recovery pro-
gramswith amanaged component. In all cases, continued
monitoring of efficacy and reversibility and the effects
on population size and genetic diversity is essential. Con-
traception provides crucial, flexible control over breed-
ing that promotes the physical and genetic health and
sustainability of a conservation-dependent species held
in captivity. As such, conservation managers should be
encouraged to incorporate selective contraception into
their reintroduction and captive-breeding regimes to pre-
vent demographic, genetic, and behavioral degradation
of the population.
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In captive breeding programs, it is becoming increasingly important to maximize the retention of genetic
diversity by managing the reproductive contribution of each individual, which can be facilitated through
the use of selective contraception. This becomes critical when captive populations are held for several
generations, and managers must prevent the conﬁnes of housing space and ﬁnancial support from
compromising genetic integrity. For example, the Tasmanian devil insurance population, established in
2006, is strategically managed to equalize founder representation. This becomes difﬁcult when devils are
housed in large groups in free-range enclosures (FREs). This study examined the efﬁcacy, duration and
potential side effects of Suprelorin® contraceptive implants (containing 4.7 mg of deslorelin) on Tas-
manian devils housed in FREs. Females were monitored to assess post-treatment reproductive rates,
feeding behavior and weight changes. Suprelorin® successfully prevented reproduction in all treated
females (P < 0.001) for at least one breeding season. For one year after contraception, there was no
difference in proportion of time spent feeding between contraception and control groups (P > 0.05) and
there was no effect of contraception on order of arrival at food (P ¼ 0.632), suggesting no alterations to
social structure. Devils with pouch young spent more time feeding than those without (P < 0.001).
Treatment and month had an interactive effect onweight (P < 0.001), yet contracepted females were only
heavier than controls in one season, indicating no overall excessive weight gain. Suprelorin® implants
inhibit reproduction for at least one breeding season, with no apparent negative effects on feeding
behavior or social dynamic. Selective contraception has the potential to become an important tool for
conservation managers, to meet multiple reproductive, genetic and behavioral goals for this species.
© 2017 Elsevier Inc. All rights reserved.1. Introduction
Selective contraception has been used for the management of
reproduction and genetic integrity of captive populations for a
number of years [1] and is now becoming a useful tool for wildlife
conservation managers [2,3]. Successful wildlife conservation pro-
grams involving reintroduction require a multi-faceted approach,
in terms of both research and management. These programs have a
relatively poor track record characterized by high failure rates [4].(C.A. Herbert).Oftentimes this has been attributed to a lack of biological data,
inherent weaknesses in the reintroduction population or site, and
more recently, failures in management and organizational perfor-
mance [4,5]. We believe that using contraception as a tool to
maximize genetic diversity and maintain wild behaviors in an in-
surance population will enhance the health and capability of in-
dividuals to successfully repopulate the wild, while also facilitating
the maintenance of sustainable captive populations [3].
In an effort to save the Tasmanian devil from the threat posed by
the mostly lethal Devil Facial Tumour Disease (DFTD), an insurance
population was established in 2006 by the Save the Tasmanian
Devil Program (STDP) in partnership with the Zoo and Aquarium
Association, Australasia [ZAA] [6]. To promote behavioral and
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housed in mixed sex groups in free range enclosures (FREs,
11e22 ha) at a density of 0.9e1.3 devils/ha [7]. This insurance
population uses a traditional species management approach [8],
whereby mean kinship is used to determine optimal pairings for
equalizing founder representation. Resources are prioritized to-
wards more genetically valuable offspring by only breeding in-
dividuals with low mean kinship values. The use of selective
contraception therefore allows managers to control breeding at an
individual level, even when individuals with different breeding
recommendations are held in mixed sex group housing. This is the
ﬁrst time that contraception has been used as a means of managing
breeding in Tasmanian devils housed in free range enclosures.
A recent review on the use of fertility control to manage the
genetic integrity of conservation-dependent species in captive
breeding programs suggested a step-by-step approach to the
implementation of fertility control programs [3]. Among the key
considerations were the choice of a reversible agent with a likely
contraceptive duration of  half the reproductive life-span of the
species, along with demonstrations of safety and efﬁcacy in the
target species. In line with these recommendations, slow release
Suprelorin® implants, containing the gonadotrophin releasing-
hormone (GnRH) agonist deslorelin, have been chosen because of
their demonstrated capacity to reversibly induce contraception in
several other marsupial species without any apparent side effects
[9e12]. Yet, there is great variability between species [1], so it is
important to determine contraceptive duration and efﬁcacy, and
establish if there are any potential side effects that may impact
animal welfare, especially in a threatened species. As such, this
study aimed to determine the rate of successful contraception over
1-2 breeding seasons, and whether treatment had any effect on
female feeding behavior (order of arrival at a feed station and time
spent feeding) or body weight. This information is important for
making informed management decisions and breeding recom-
mendations into the future.
2. Materials and methods
2.1. Animals
Female Tasmanian devils in this study were housed in free-
range enclosures as part of the Department of Primary Industries,
Parks, Water and Environment (DPIPWE)-ZAA Tasmanian Devil
Insurance Population. Animals included in the study were sexually
mature as shown by their recorded, or estimated, age (year of birth
ranging from 2011 to 2013). Age was estimated for wild born devils
using tooth measurements as per Guiler and Heddle [13]. Animals
were selected for the enclosures based on their mean kinship
values and the need for certain individuals in the insurance pop-
ulation to breed in any given year, based on annual breeding rec-
ommendations provided by ZAA [14,15].
Individuals were identiﬁed through their microchip tran-
sponder (Allﬂex, Australia) when handled and from their unique
markings [16,17] on camera footage. STDP staff used camera traps to
monitor the health of the devils with limited human interaction,
and fed them twice weekly with mostly brush-tailed possum (Tri-
chosurus vulpecula) and Bennett's wallaby (Macropus rufogriseus)
carcasses. The devils are largely left to behave naturally, apart from
quarterly trapping for health checks (see details below).
2.2. Study sites
Tasmanian devils in this study were housed in mixed sex groups
in 22 ha FREs at Freycinet (4203054.000S 14812015.600E) and Brid-
port (4101047.800S 14713045.000E) in Tasmania, Australia. Both havea cool climate with a yearly average maximum temperature of
around 18 C and minimum of around 9 C, and yearly rainfall
average of 593.3 mm and 763.4 mm for Freycinet and Bridport,
respectively [18]. The enclosures are surrounded by devil-proof,
wombat-proof double fencing and built upon properties donated
to the STDP. They include native vegetation and a small number of
native animals including the common wombat (Vombatus ursinus),
Bennett's wallabies and Forester kangaroos (Macropus giganteus
tasmaniensis) which were present when the fence was built.
2.3. Experimental design
Ninteen females were housed in the FREs located at Freycinet
(n ¼ 11) and Bridport (n ¼ 8). Female devils were allocated to a
treatment group (receiving a 4.7 mg implant; n ¼ 7) or a control
group (receiving the same handling but no injection or implant;
n ¼ 12) based on annual breeding recommendations [14]. Contra-
ceptive implants were administered in January 2015 to n ¼ 3 in
Freycinet and n¼ 4 in Bridport. The devils received a general health
and pouch check at the time of treatment, with continued trapping
and reproductive status monitoring (by physical pouch check)
every three months throughout 2015 to determine the contracep-
tive efﬁcacy. Three treated and one control female from this study,
and four other females, remained in the Bridport FRE in 2016 with
access to males [14]. No males were housed with the females in the
Freycinet FRE in 2016 so there was no reproductive output data for
the second breeding season.
To examine the effect of contraception on feeding behavior, the
time spent feeding and order of arrival at the feed station (moni-
tored with a camera trap) was compared between the two treat-
ment groups at both sites, for one year post-treatment. Up to two
additional females were present in the FREs in 2015 and were
included as controls (only for feeding behavior analysis). All treated
animals were present in the Bridport FRE in the previous year
(2014), facilitating a comparison of before and after treatment
behavior (See Table 1). Females allocated to the contraception
group are referred to as ‘contracepted’ or ‘treated’ females in the
year pre-treatment, although they were yet to receive implants.
Each year was broken up into reproductive stages of: 1. January to
February (Pre breeding/previous young weaned), 2. March to June
(Estrus/small pouch young), 3. July to August (Large pouch young),
and 4. September to November (Young in the den) [19]. Camera
footage was analyzed from four one week samples in each of the
four reproductive stages from a randomly selected feeding station.
If a camera from Bridport FRE did not provide a minimum of 40
feeding events and/or 4 h of total feeding time, then footage from a
second camera was also analyzed for that week. All available
cameras in Freycinet FRE were analyzed to reach a minimum of 20
feeding events and/or 2.5 h total feeding time per week. This gave
an average of 271.3 ± 27.7 and 207.7 ± 30.6 feeding events, and 32 h
53min± 3hr 38min and 30 h 25min± 3hr 11min total feeding time
for Bridport and Freycinet FRE, respectively, per reproductive stage.
Video footage was only collected for the periods when all of the
treated devils were housed in the enclosures, yet the number of
controls was variable (see Table 1).
2.4. GnRH agonist implant
Suprelorin® contraceptive implants (Virbac (Australia) Pty Ltd,
Milperra, NSW, Australia) were used in this study and contain
4.7 mg of the GnRH agonist deslorelin (D-Trp6-Pro9-des-gly10-GnRH
ethylamide). The implant is an opaque, white to pale yellow solid
cylinder of 2.3 mm diameter by 12.5 mm length and weighs 50 mg.
Female Tasmanian devils received one implant by subcutaneous
injection just to the right of the shoulder blades (to avoid confusion
Table 1
Depiction of the sampling periods for video footage from cameras set up in free-range enclosures (FREs). Sample size is indicated in shaded boxes for each reproductive stage
for which data was collected. Treated females received Suprelorin implants in January 2015.
Reproductive Stage 2014 2015
1st 2nd 3rd 4th 1st 2nd 3rd 4th
Bridport FRE (total individuals) 13\, 10_ 13\, 10_ 12\, 12_ 16\, 8_ 8\,
7_
9\,
7_
9\,
5_
Bridport FRE contraception group 4\ 4\ 4\ 4\
Freycinet FRE (total individuals) 12\, 7_ 12\, 7_ 10\, 7_
Freycinet FRE contraception group 3\ 3\ 3\
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sian sack. Females in the control group received the same handling
treatment minus an injection or implant.2.5. Animal capture, handling and data collection
All animal capture and handling was undertaken by the STDP
staff for management purposes and quarterly health checks. Baited
pipe traps specially designed for Tasmanian devils were set up
overnight and checked the following morning. Devils were trans-
ferred into hessian sacks and weighed with spring hanging scales.
Trained staff then checked their microchip number, took morpho-
metric measurements and performed a physical health check. The
devils were carefully restrained so that their pouch, teats and pouch
young (if present) could be checked. The pouch appearance was
given a score based on appearance (Fig. 1), reﬂecting the repro-
ductive stage of the devil as per the STDP Standard Operating
Procedure, modiﬁed from Hesterman et al. [20] (See Table 2).Fig. 1. Images of Tasmanian devil pouches reﬂecting various reproductive stages: a) score 2,
red oil drops e indicative of estrus [20]; c) score 7, pouch young; and d) score 9, post-reprMotion activated camera traps (KeepGuard KG680V, KeepTime
Industrial (Asia) Co., LTD, Hong Kong) were set at several locations
within the enclosure each week throughout 2014 and 2015, as part
of the STDP general monitoring system. This was used to remotely
check that all devils were present and observe any changes or
serious injuries requiring veterinary attention. In the Bridport FRE
up to 5 motion detection cameras were set on separate feed sta-
tions each week, with one being set to record 10 s videos and the
rest set to take two images every 10 s. In the Freycinet FRE two
cameras were set on one or two feed stations with one recording
video and the other taking images, in the same format as at the
Bridport FRE.2.6. Data analysis
Reproductive data for each breeding season following treatment
were run through a general regression analysis with PouchYoung as
the response variate (being 1 or 0 for presence or absence of young,pinkish, dry e contracepted pouches give this appearance; b) score 4, lipstick ring and
oductive.
Table 2
Percentage of individuals with each pouch score for both treatment groups at each trapping trip. Pouches were scored as per Hesterman et al. [21]. The two scores: Pinkish, dry
(score 2) and Pouch young (score 7) have been bolded to indicate an inactive or a reproductive pouch, respectively, which are two ends of the spectrum of adult pouch activity.
Scores 3 to 6 and 8 to 9 can be considered transitional phases between these two end points. Representative images of pouch score 2, 4, 7 and 9 are provided in Fig. 1.
Pouch score Pouch description CONTROL TREATED
15-Jan 15-Apr 15-Jul 15-Oct 16-Jan 16-Apr 16-Jul 15-Jan 15-Apr 15-Jul 15-Oct 16-Jan 16-Apr 16-Jul
Total individuals 12 9 10 9 7 7 5 7 7 7 6 5 5 3
1 Immature, pale/small 8%
2 Pinkish, dry 75% 29% 100% 100% 100% 100% 20%
3 Some oil, red 11% 80% 100%
4 Puffy, lipstick ring, oil drops 10% 14% 60%
5 Postovulatory (deep/wet) 11% 86% 20%
6 Postovulatory (milk studs)
7 Pouch young 78% 90% 20%
8 Lactating, swollen pouch, broad teats 67% 71% 14%
9 Regressing, ﬂaccid, lumpy pouch 17% 0 33% 29% 0 0 57%
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term (Genstat, 16th Edition, VSN International). The regression
model was then used to calculate a predicted percentage of each
treatment group carrying pouch young, reported as
prediction ± standard error.
Utilizing the time stamp on the recorded image ﬁles, and devil
photo identiﬁcation charts (based on unique chest, ﬂank and rump
markings), the order of arrival of the ﬁrst ﬁve devils to feed was
recorded along with each devil's total time spent feeding. The act of
an individual devil eating began at the ﬁrst image and ended at the
last image where the devil's teeth made contact with the carcass in
a single visit. A visit is a discrete and uninterrupted time period
with the devil in view (devil may go out of sight for < 10 s in one
visit). Contact with only the snout was not accepted as ‘feeding’ as
the devil is more likely to be snifﬁng than biting or ingesting meat.
The total time spent feeding during a sampling period for every
devil, including males, was added together, so that the proportion
of time each individual spent feeding was calculated from the total.
Data for time spent eating was transformed by taking the square
root to meet assumptions of normality. The oneweek samples were
combined into their appropriate reproductive stages for analysis.
The proportion of time spent feeding was compared between
treated and control females using restricted maximum likelihood
(REML) analysis with the transformed time spent eating as the
response variate and devil ID as the random model to account for
repeatedmeasures (Genstat, 16th Edition, VSN International). Fixed
effects were run individually, then a multivariate model was
created including effects with P < 0.25. The least signiﬁcant P-
values were then removed until only signiﬁcant ﬁxed effects
remained. Differences between treatment groups for each repro-
ductive quarter were compared against the least signiﬁcant dif-
ference (LSD; 5% level) to determine whether control and
contracepted females had signiﬁcantly different proportions of
time spent eating.
The devils arriving ﬁrst, and in the top ﬁvewere compared using
generalized linear mixed models (GLMM; a form of REML; Genstat,
16th Edition, VSN International). Response variates of Top 5 Arrival
and First arrival had binomial outcomes, Treatment as the ﬁxed
effect, and Devil ID as the random model to account for repeated
measures.
The weight of devils was compared between treatment groups
using REML (Genstat, 16th Edition, VSN International), with weight
as the response variate, Treatment, Trapping Date and Pouch Young
tested as ﬁxed effects and Devil ID as the random model. Differ-
ences between treatment groups at each trapping month were
compared against the LSD (5% level) to determine whether control
and contracepted females had signiﬁcantly different weights.3. Results
3.1. Reproductive success
All of the contracepted females had inactive pouches (score 2)
from April 2015 until January 2016, before showing signs of some
activity (scores 3, 4 and 5) in April and July 2016 (Table 2). In
comparison, control females had a range of pouch scores (1-5 and
7-9) between January 2015 and July 2016, with mostly inactive
pouches (score 2) in January 2015 only. From our data, presence
versus absence of any number of pouch young (referred to as
reproduction rate) was established for each individual following
each breeding season. There was a signiﬁcant difference between
treatment groups after the ﬁrst breeding season (P < 0.001), with
reproductive rates in animals on contraception being 0.00 ± 0.08%
(n ¼ 7), compared with a 90 ± 0.08% reproductive rate in the
controls (n ¼ 10). There was no difference in reproductive rate
between the two FREs (P ¼ 0.151). None of the three contracepted
females housed at Bridport in 2016 had pouch young in the second
breeding season. There was no difference compared with the
control devils in 2016 (P ¼ 0.482) of which only 20 ± 0.27% had
pouch young.3.2. Feeding behavior
There was an interactive effect between treatment group and
reproductive stage on the proportion of total time spent feeding
(total time includes males; P ¼ 0.015). Prior to contraception, fe-
males allocated to the contraception group spent more time
feeding during the 2015 pre-breeding period than controls (Fig. 2a).
Although not signiﬁcantly different, those females also appeared to
spend more time feeding in the 2014 large pouch young (Jul-Aug)
period than controls. There was no difference between groups
during each stage after contraceptive implants were administered
(Fig. 2a). There was a difference in time spent feeding between
FREs, with females in Freycinet and Bridport spending 5.24 ± 0.32%
and 3.67 ± 0.32%, respectively, of the total time feeding (P ¼ 0.035).
There was also an effect of year, with all females spending on
average 3.16 ± 0.26% of the total time feeding in the pre-treatment
year (2014) and 4.65 ± 0.26% in the year post-treatment (2015;
P ¼ 0.005). There was an effect of presence of pouch young on the
time spent feeding (P < 0.001), where females with no pouch young
(NPY) were feeding on average 3.53 ± 0.26% of the total time and
females with PY spent 5.34 ± 0.26% of the total time feeding (fe-
males with PY fed for longer than those with NPY in 5 of 7 recorded
reproductive stages). Females with PY spent slightly more time
feeding than those with NPY during the fourth reproductive stage
Fig. 2. Mean ± s.e.d. proportion of time spent feeding for a) control and contraception
treatment groups, and b) females with and without pouch young, during each
reproductive stage for pre-and post-treatment years. The reproductive stages depicted
are 1: pre-breeding (Jan to Feb); 2: estrus/small pouch young (Mar to Jun); 3: large
pouch young (Jul to Aug); 4: young in the den (Sep to Dec). Asterisks indicate repro-
ductive stages where group means are statistically different.
Fig. 3. Mean ± s.e.d. quarterly weights in kilograms of females in a) control and
treatment groups and, b) with no pouch young (NPY) and with pouch young (PY) from
April 2014 to July 2016. Asterisks indicate trapping months where group means are
statistically different.
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and signiﬁcantly more in the second reproductive stage in 2015
(post-contraception only; Fig. 2b).
Treatment had no effect on the order of arrival in the top ﬁve or
ﬁrst (P ¼ 0.721 and P ¼ 0.822, respectively), with all animals
arriving in the top ﬁve on average 30.8% of the time (contraception,
34%; control, 30.5%; males, 28%) and arriving ﬁrst on average 5.6%
of the time (contraception, 6.7%; control, 5.5%; male, 4.7%). The
presence of pouch young also had no effect on the order of arrival
(top ﬁve, P ¼ 0.968; ﬁrst, P ¼ 0.81).
3.3. Weight
There was an interactive effect of treatment group and trapping
month on the weight of female devils (P ¼ 0.004; Fig. 3). Overall,
the weights ﬂuctuated month by month, yet treated and control
groups weighed the same as each other at each trapping trip, apart
from April 2015, where controls weighed signiﬁcantly less
(contraception, 7.69 kg ± 0.54; control 6.20 kg ± 0.54; Fig. 3). The
weight of females in July has been adjusted to account for the
estimated weight of their young, deducting 200 g per PY from the
net weight (full term PY weigh 200 g [21]).
There was also an interactive effect between the presence of
pouch young and the trapping month on weight (P ¼ 0.013). Fe-
males with PY in July 2016 were heavier than females with NPY in
Apr 2014, Jan 2015 and May 2016, and also females with PY in
October 2014 and April 2015. Yet, there was no difference inweight
in the same trapping month between females with PY or NPY.
3.4. Wounds
There was no effect of treatment or presence of pouch young on
the number of new wounds seen at each trapping month(P ¼ 0.832, P ¼ 0.143, respectively). There was an interactive effect
of trapping month and location (P ¼ 0.004), with the most wounds
seen in July and October 2015 in the Bridport FRE, and July 2015 in
Freycinet (Fig. 4). Devils in Freycinet had more wounds than Brid-
port in July 2015. There was no wound data for April 2016.4. Discussion
This study has shown that Suprelorin® implants are a useful tool
for managing breeding in Tasmanian devils held in free range en-
closures and has expanded our knowledge of fertility control in
devils and, more broadly, endangered wildlife species. Suprelorin®
contraceptive implants prevented production of pouch young in
female Tasmanian devils for at least one breeding season. Efﬁcacy
for a second breeding season is difﬁcult to conclude from this study
because of low overall breeding rates in the second year, likely due
to disruptions caused by multiple movements in and out of the
enclosure during the breeding season. These movements were as a
result of an aggressive individual causing injury and as a conse-
quence this was considered to be an atypical breeding season for
Bridport FRE (C. Hogg, pers. comm.). Future studies should assess
the second breeding season after contraception in a free-ranging
enclosure with less disruption. Contraception had no detrimental
effects on order of arrival at food, time spent feeding, or on body
weight.
The effectiveness of Suprelorin® contraceptive implants was
clear in the ﬁrst breeding season following treatment. All females
on contraception had previously had pouch young and were still of
reproductive age, indicating that if the contraception failed there
was a high possibility of them breeding. As they did not reproduce,
while the majority of control females of similar age and parity did,
this demonstrates the effectiveness of contraceptive treatment. The
pouch score of 2 (pinkish, dry) for all treated females until April
2016 also indicates their reproductive quiescence (Table 2),
whereas all control females either had young, or showed evidence
of estrous cycle induced pouch changes [20]. The one control fe-
male, Matilda, who did not produce young had a pouch score of 4
(max, puffy, lipstick ring, oil drops) during the breeding season,
indicating that she was undergoing estrous cycles [20]. It is likely
that as Matilda was four years old and had not previously had
pouch young, her chances of successfully conceiving were naturally
very low, less than 10% [Hogg, unpublished data; 2]. Her body
condition score of two during the breeding season could also have
affected her ability to conceive [22].
It cannot be concluded from this study whether the contra-
ception remained active, or whether contraceptive reversal may
have occurred, during or before the second breeding season. Failure
Fig. 4. Mean ± s.e.d. number of new wounds on female Tasmanian devils housed at Bridport and Freycinet free range enclosures from January 2015 to July 2016. Asterisks indicate
trapping months where group means are statistically different.
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consequence of low overall breeding success in that enclosure that
year. Due to devil movements to suit the STDP objectives, there was
only one enclosure left in the trial with both sexes at this time, so
there was no opportunity for comparison. Pouch score results for
this season (Table 2) show some indication that the pouches of
treated females were more active than the previous breeding sea-
son, with 3 of 5 becoming puffy and very oily (score 4) in April 2016,
and 3 of 3 being red and oily (score 3) in July 2016. Pouch
appearance such as this has been shown to be a reliable indicator of
estrus [20], implying that the contraceptive effect was wearing off.
A contraceptive duration of one breeding season from a 4.7 mg
implant in devils would be much shorter than the 515 ± 87 day
duration in female tammar wallabies (Notamacropus eugenii) given
5mg implants [12], but similar to the 259e432 day duration seen in
female brushtail possums (Trichosurus vulpecula) given 5 mg im-
plants [11]. The contraceptive duration in these species, like many
others, was highly variable between individuals. While the design
of the current study did not permit assessment of the reversibility
of contraceptive effect in devils, Suprelorin contraceptive treatment
was found to be reversible in other marsupials, including the
brushtail possum, eastern grey kangaroo (Macropus giganteus) and
tammar wallaby [11,12,23].
For the majority of sampling months, there was no difference in
weight between treated and control groups. This reﬂects the ﬁnd-
ings of other studies on GnRH agonist contraceptive agents where
therewere no changes in theweight or condition of treated females
[10,12,23,24]. Twomain factorsmay have contributed to the treated
females weighing more than controls at the start of the 2015
breeding season; the potential for weight gain due to contraception
[25] and/or the act of males guarding and denying their partners
access to food for several days after mating for control animals [26].
Preliminary data on Suprelorin® implants in a range of taxa in
American Zoos suggest that increased appetite causes weight gain,
especially in females, unless their diet is carefully managed [25]. In
this study, appetite and/or access to food does not seem to be a
factor, as females on contraception spent the same proportion of
time feeding as the controls, yet still weighed more during the
breeding season. This study did not measure bite rate, or size, so it
is possible that during the same amount of feeding time the devils
on contraception were eating more. Additionally, male devils may
prevent females from feeding for a few days following mating,
thereby reducing weight in control animals. Although the reason(s)for the higher weight in treated devils at the start of the 2015
season are unknown, it is unlikely to be an inherent effect of the
Suprelorin implant causing weight gain because treated devils are
not consistently heavier.
Tasmanian devils are largely solitary carnivores, which occa-
sionally come together for consumption of large carcasses in the
wild [26,27]. The dominant feeder will arrive ﬁrst and be displaced
by a challenger once it has gorged itself [26], but with no indication
of a stable dominance hierarchy (K. Davis pers. comm.). The ﬁnding
that therewas no effect of contraception on order of arrival at a feed
station, pre- and post-treatment, supports this idea, and indicates
no effects on social rank. As devils housed in the FREs are at higher
densitites than found in the wild [28] and fed carcasses at one or
more feed stations; we hypothesized that this could promote an
increased number of interactions whilst feeding. Further, Supre-
lorin treatment is associated with the suppression of ovarian ste-
roid hormones in a large number of species, including tammar
wallabies and brushtail possums [11,12]; so we also hypothesized
that similar changes to steroid hormones in treated female devils
(unpublished data) may have resulted in changes to aggressive
behavior. However, aggression does not appear to have been an
issue in the free-range enclosures during the study period, as there
were insufﬁcient physical interactions recorded to allow for anal-
ysis of dominance hierarchies per se. This in itself suggests that
aggressive behaviors were not elevated. Devils appeared to mostly
come and go from the feed stations without physical interaction. It
should be noted, however there was some mutual tolerance be-
tween individuals, as well as displacements and denials of others
accessing food. These interactions reﬂect previous observations of
Tasmanian devils which found that the outcome of encounters was
related to the length of time each individual had spent feeding,
rather than any form of hierarchy, and that many disputes are
settled via ritualized posturing rather than direct ﬁghts [19].
Additionally, past observations have considered geographical re-
striction of food to be a likely cause for ﬁghting [29,30], yet, in the
enclosures the feed stations are spread out and have sufﬁcient food.
This is also supported by the absence of an effect of contraception
on the number of wounds seen on the devils. Aggression and the
resulting wounds are likely to be attributed to local and transient
factors, considering the effect of enclosure and trapping month but
lack of a clear trend.
In this study, females with pouch young spent more time
feeding than those without, particularly during April (beginning of
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Following conception, during gestation and development in the
pouch, females will be experiencing higher energy, protein and
calcium demands [31e34], which may have caused them to spend
more time feeding than females without young. When young were
transferred to den sites, the mothers may have continued to be
more competitive due to their lactational energy demands. This is
to be expected, andmany othermammals will increase their energy
intake during lactation [35], including several non-human primates
[36], small mammals [31] and mountain goats (Oreamnos ameri-
canus) [37]. Yet, lactating females were not in the ﬁrst ﬁve to access
food more often than female devils with no pouch young, meaning
that time spent feeding may be more important to the individual
than arriving ﬁrst. Studies in other species have also shown there to
be no effect of contraception on feeding behavior. There were no
apparent effects of deslorelin on appetite, feeding habits or weight
of female eastern grey kangaroos [38], and the intake and weight of
female wapiti given the GnRH agonist, leuprolide, also remained
within normal ranges [39].
This project was limited by sample size due to the large number
of important studies and management plans being conducted
simultaneously on endangered Tasmanian devils as part of the Save
the Tasmanian Devil Program. The sample sizewas restricted by the
demographics within the enclosures, each housing up to 20 devils
with a management goal of a 1:1 sex ratio, leaving only three to ﬁve
potential devils to treat in each locationwhich were not needed for
breeding. In consideration of this, reproduction was analyzed
simply as presence/absence of pouch young, making trends in the
results clear. Although faecal sampling for hormone analysis would
have strengthened our ﬁndings this was not pursued as samples
could not be collected at a high enough frequency due to the
extensive nature of the enclosures, and the high cost of DNA
analysis for individual faecal identiﬁcation. As an alternative to this
we have used pouch scoring as a proxy for reproductive status in
this study. Future work which is able to genotype individuals from
non-invasive samples may assist in understanding the hormonal
consequences of contraception in free-range enclosures. It is also
likely that the low sample size reduces the power of the feeding
behavior analysis, so the main interest here was to detect signiﬁ-
cant trends or indications which would warrant further, more
detailed, investigation. The length of time that the same individuals
could be monitored for long-term effects was limited by the
required devil movements for management purposes. The free-
range enclosures are stocked annually to maximize breeding po-
tential and retention of genetic diversity as part of the Tasmanian
devil insurance metapopulation [40]. As this study was undertaken
on an endangered species the assessment of potential side effects
was achieved through non-invasive measurements and as a result
no examination of internal organs (e.g. ovaries, reproductive tract)
were conducted. In spite of these limitations, this trial has effec-
tively served its purpose as the ﬁrst ﬁeld trial of contraception on
free-ranging Tasmanian devils.
4.1. Management implications
Our study provides fundamental information to the STDP
managers regarding efﬁcacy and potential side effects of Supre-
lorin® contraceptive implants on free-ranging female Tasmanian
devils. Contraception is becoming an increasingly important tool
for conservation programs, and it is essential to understand its full
capability for managing breeding reliably, so that breeding rec-
ommendations can be adhered to and genetic, and behavioral,
integrity of insurance populations can be maintained [3].
In this insurance population, pedigree based management is
used to determine mean kinship values of individuals and allocatebreeding recommendations and select females for contraception
[41]. Females treated with contraceptives can be housed with other
devils in the enclosures to balance the demographics, while the
others are allowed to breed freely. This allows for more individuals
to be group housed, therefore reducing operational costs and
allowing them to maintain wild-type behaviors, readying them for
release into the wild [7]. We have shown that 4.7 mg Suprelorin®
implants are effective for one breeding season in free-ranging
Tasmanian devils, but efﬁcacy for a second season needs to be
investigated further. There were also no overall detrimental side
effects, in relation to weight, overall health, feeding behavior and
wound rates, which could be attributed to the use of contraception.
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